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ABSTRACT

This study used a variety of techniques to establish the structural-chemical property
relationships over niobia, niobia-silica, and niobia-alumina binary oxide aerogels. The
objective is to develop a comparative set of samples of known structure for chemical
characterization.

Bulk oxide aerogels of niobia, alumina, and silica were prepared as base oxides by
the sol-gel method followed by supercritical extraction to dry the solvent-ladened gel. The
synthesis of the bulk niobia aerogel was followed by a 500 °C calcination and yielded the
highest surface area, 190 m2/g, ever reported for bulk niobia. Other physical properties of
the aerogel of niobia such as total pore volume and average pore diameter were significantly
higher than found previously for conventionally prepared niobia. Laser Raman
Spectroscopy (LRS) and pyridine adsorption experiments were used to investigate the
structural and chemical properties of the niobia aerogel as a function of heat treatment.
From these structural/chemical studies it was established that the origins of high acid
strength (~ 30 kcal/mol) and acidity for the niobia aerogel were due to highly distorted
NbOg groups that contained Nb=0 bonds, while the more conventionally prepared niobia
had acid strength (~ 22 kcal/mol) and acidity attributed primarily to slightly distorted NbOg
species which possessed Nb-O bonds. Heat treating the niobia aerogels to temperatures
greater than 500 °C induced crystallization. At the same time, the surface concentration of
terminal Nb=0 bonds decreased and lowered the acid strength of these oxides.

Niobia/silica (A-NS25w) and niobia/alumina (A-NA25w) mixed oxide aerogels
(containing 25 weight % niobia) were synthesized to form a set of binary oxides with
which to investigate structural-chemical relationships, and were also compared to
conventionally prepared co-precipitated samples. Along with these mixed oxide aerogels, a
set of silica and alumina aerogel supported niobia samples were synthesized in order to
complement the study on binary oxides and further our understanding of the chemical-
structural relationships. High acid strengths (~ 40 kcal/mol) and acidity were found on the
niobia-silica binary oxides, which was attributable to highly distorted niobia tetrahedral
species containing Nb=0O bonds. The tetrahedral niobia species in the niobia/silica mixed
oxide aerogel had primarily strong Lewis acid sites as well as some weak Brpnsted acidity.
The silica aerogel supported niobia samples also had strong Lewis acidity as well as strong




iv

Brensted acidity which was due to hydroxyl groups, -OH, adjacent to the doubly bonded
oxygen. Niobia was found to be stabilized against reduction when it crystallized out of A-
NS25w or the silica aerogel supported niobia because of the formation of a distorted
octahedral niobia-rigid silica interface. Isomerization of 1-butene confirmed the existence
of Brensted acidity for both niobia-silica binary oxide systems after a standard calcination;
however, heat treating these materials induced a change in the bonding environment of
niobia to one which is primarily octahedral (distorted) and produced active catalysts for 1-
butene isomerization as shown by a 3-fold increase in activity.

Similar behavior for the niobia-silica system was also found for the niobia-alumina
binary oxides. The niobia/alumina mixed oxide aerogel exhibited moderate acid strength
(~24 kcal/mol) and acidity that was simliar to the low surface coverage of niobia on the
supported oxide, and was attributed to highly distorted groups containing terminal Nb=O
bonds. The mixed oxide of niobia/alumina showed strong Lewis acidity with little to no
Brpnsted acid sites, similar to bulk alumina and the supported oxide at low niobia
coverages. The sample containing a quarter monolayer of surface niobia showed increased
acid strength of the supported oxide while also developing weak Brgnsted acidity and new
Lewis acid sites. These new Brgnsted acid sites were found to weakly catalyze 1-butene
isomerization. Heat treating these niobia-alumina binary oxides resulted in the formation of
NbAIlOg4 and a loss in acid strength and acidity.

These results establish the relationship between the chemical properties and the
developed structures caused by the thermal treatment or increased concentration of niobia
on the silica and alumina aerogel supports. This work also shows that there is a similarity
between the mixed and surface oxide systems in that the structures of niobia fundamentally
determine the strength and type of surface acidity.




NOMENCLATURE
Acronym Meaning

B.E.T. Brunauer-Emmet-Teller, used in reference to surface area

DRIFT Diffuse Reflectance Infrared Spectroscopy, used in
examining molecualr vibrational states

DTA Differential Thermal Analysis, used to examine endo- and
exothermic changes in samples

EDS Energy Dispersive Spectroscopy, used for elemental
mapping and quantitative composition analysis

EXAFS Extended X-Ray Absorption Fine Structure, used to detect
surface species and valence, with bonding distance
information

FTIR Fourier Transform Infrared Spectroscopy, used to examine
molecular vibrational states

HRTEM High Resolution Electron Microscopy, used in imaging
samples with a resolution of approximately 1.6

LRS Laser Raman Spectroscopy, used to examine the vibrational
states of molecules

SEM Scanning Electron Microscopy, used to observe
morphological changes in samples on a microscopic scale

TG Thermogravimetry, used to measure sample weight changes
in controlled thermal environments

TOS Time On Stream, used to denote reaction time for 1-Butene
isomerization

XANES X-Ray Absorbtion Near Edge Spectroscopy, used to
determine coordination of atoms in molecular structures

XRD X-Ray Diffraction, used to measure intensity of diffracted

X-ray radiation from powder samples
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Chapter 1

INTRODUCTION

1.1 Scope of Thesis

Bulk transition metal oxides are important materials that have many technological
applications. In the chemical industry alone, these oxides are used as functional catalysts in
a large number of processes to convert hydrocarbons to other useful chemical products.
Many of the processes require a high selectivity for a particular product; in fact, selective
oxidation, ammoxidation, and selective dehydrogenation constitute probably the most
important catalytic uses of transition metal oxides.

When transition metal oxides are combined with another oxide as a binary or
multicomponent oxide, materials are developed which often have physical and chemical
properties which are different from and often superior to the separate component oxides.
These binary oxides allow one to possibly tailor an even more selective catalyst than the
bulk transition oxide by using the correct concentrations of the appropriate metal oxide
components. Although certain reasons for this type of behavior have been given, a general
lack in understanding of the oxide-oxide interactions developed in these systems makes the
design of catalysts impractical. It is the goal of this research to examine the bulk oxide
system of niobia, and the binary oxide systems of niobia-silica and niobia-alumina, in order
to study the effects of preparation on the structure of these oxides and to advance the
understanding of how structure is related to the physical and chemical properties of these

oxide systems.




There are two basic types of binary oxides, mixed oxides and supported oxides as
shown in Figure 1-1, which are of great importance to a number of industrial processes. In
a mixed oxide the two oxide components are homogeneously mixed on an atomic level in
the bulk. These binary mixed oxides are well known for their acidic properties and used
primarily as acid catalysts or as bifunctional supports. For example while SiO3 is non-
acidic and Al;03 or TiO3 are acidic only in certain forms, their combinations into
amorphous mixed oxides of SiO2/Al,03 and SiO,/TiO» are very acidic and used in catalytic
cracking, isomerization, and acid-catalyzed dehydration reactions.!"23:4 The second type
of binary oxide is a surface phase oxide. We use this term to refer to materials' formed
when one metal oxide phase is dispersed on a second metal oxide substrate. Supported
oxides are used as catalysts to control reaction selectivity in petroleum and chemical
industries and are usually employed with the hope of improving the desirable catalysis of
the pure oxide, whether through a stabilization or uxide interaction with the substrate. For
example, TiO2-supported MoOj is a very selective catalyst for the photo-oxidation of
methanol to dimethoxymethanol, while bulk titania forms several other products.5 Another
classic example is the well-studied TiO2-supported V205 system which is a very selective
catalyst for the oxidation of o-xylene to phthalic anhydride, while bulk vanadia is less
effective.% 78 The formation of a surface moerolayer of these supported species has been
found to be responsible for the catalytic behavior.® Thus, these supported oxides can have
properties very different from those of the pure oxide because of interactions with the
support. Clearly, these examples show that the properties of the supported and mixed
oxides are dependent on the chemistry of the interaction between their component oxides.
The supported and mixed oxide systems have been generally treated separately despite their
similarities. Not until recently, when Connell and Dumesic, and Bernholc et al.
demonstrated that supported oxides have commercially important uses and can serve as
model acids, did there begin an understanding of the origin of acidity from a structural

point of view on these binary oxide systcms.9' 10, 11,12 These studies showed that
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Figure 1-1: SCHEMATIC OF BINARY OXIDE SYSTEMS: SUPPORTED AND MIXED OXIDES
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supported and mixed oxides are similar systems and that one can begin to develop binary
oxide catalysts by understanding the structural aspects as well as the oxide-oxide
interactions inherent in these binary systems.

A lack of understanding associated with binary oxides can be viewed as stemming
from uncertainty inherent in the interfacial interaction between the two component oxides.
Many oxide systems are complicated for study because these oxides form stable solid-state
compounds upon heating to low temperatures. Niobia and silica are two oxides which are
immiscible even to high temperatures in excess of their melting points.13 Thus, the niobia-
silica system is ideal for the study of interfacial interactions as any properties which
develop other than the properties of the pure components can be attributed to this oxide-
oxide interaction. Silica is amorphous to high temperatures, while niobia undergoes a
series of phase transformations with the same heating schedule; therefore, the stabilizing
effect of silica should easily be discernible by monitoring the crystallization pattern of
niobia with temperature as well as the reduction behavior of niobia (since silica is very
stable and will not reduce except under severe conditions). Niobia and alumina, unlike
niobia and silica, form niobium aluminate (NbAlOg4) upon high temperature treatments. !4
This niobia-alumina binary oxide is amorphous at low temperatures (< 800 °C) and only
forms compounds at high temperatures (> 1000 °C), thus this system is ideal for the study
of interfacial effects at low temperatures since the properties arising outside of those for the
pure components can be attributed to interfacial interactions. This system is also useful in
comparing the interfacial effects between niobia and silica versus niobia and alumina.

To examine the structural effects in these materials several niobia-silica and niobia-
alumina binary oxide systems will be examined. These binary oxides consist of various
partial coverages of niobia on silica or alumina to determine the effect of dispersion on
these supported oxides, as well as mixed oxides of niobia/silica and niobia/alumina in
which niobia was the minor oxide. These samples were subjected to various heat

treatments to determine the stability of niobia in these systems as well as to create similar




interfaces between the supported and mixed oxide systems so that a direct comparison of
interfacial interactions could be made. By determining similarities and differences in the
acidic properties, reduction behavior, and catalytic activities of these binary oxides, we aim
at developing an understanding of the structural aspects important to their physical and
chemical properties.

This dissertation consists of 7 chapters, with the first discussing the general scope
and pertinent background literature. Chapter 2 gives an overview of the equipment and
procedures used to synthesize, characterize, and analyze the oxide samples in this study.
Chapter 3 deals with the characterization of the bulk oxides, in particular the physical and
chemical properties of niobia. This chapter lays the foundation on how structure relates to
the properties of niobia. Chapter 4 discusses the properties of the mixed oxides of
niobia/silica and niobia/alumina and how they are similar or different from one another.
Comparisons are made on mixed oxides prepared by different methods as well as
investigating how heat treatment affects the structure and ensuing properties of these mixed
oxide systems. Chapter 5 investigates the properties of supported oxides for niobia
supported on silica and alumina. Interfacial interactions were investigated in both these
binary oxides by varying surface coverages, as well as heat-treating both systems.
Structure-acidity relationships were developed from the results in these chapters based
upon the structures and properties of the bulk and binary oxides, and are presented in
Chapter 6. These are presented according to current theories of acidity and help to draw a
line between the understanding of surface and mixed oxides by determining the relationship
between chemical properties and structure. Finally, Chapter 7 summarizes the thesis and

gives some guidance for future work to be done in the field.




1.2 Background

Some background information is important for the understanding of the scope of
this thesis. First of all, the structural and thermal characteristics of the pure oxides: silica,
alumina, and niobia, must be discussed for later comparison with the binary oxides. Next,
the current understanding of the structures of mixed and surface oxides with respect to
preparation and thermal treatment will be mentioned. In light of this discussion, it is
important to go into detail on the sol-gel synthesis used to prepare the oxides in this study,
as well as the supercritical extraction step used to prepare the final oxide aerogels. Next,
we will briefly discuss the current theories of acidity in binary oxides and the relevant
information on the acidity of surface and mixed oxides. Together with this background
information will be the most current work related to the niobia-silica and niobia-alumina

surface and mixed systems.

1.3 Individual Oxide Materials

Since one of the main goals of this research is to understand the oxide-oxide
interactions inherent between niobia-silica and niobia-alumina, and how these interactions
in turn relate to the properties of these materials, it is important to first understand the bulk
oxides that make up these binary oxide systems. The following is a brief overview of the
properties of silica, alumina, and niobia. The crystalline phases of niobia are discussed in
some detail, because the crystallization of this oxide from both the mixed and surface
oxides is one of the parameters used to understand the stability behavior of these binary

oxides.




1.3.1 The Structure and Properties of Silica

The preparations, mechanisms, and properties of silica have been well studied by
Ier.!3- 16 Some of the general findings are listed below. Gelation of a silica sol is most
rapid at a neutral pH.16 The average pore diameter of the primary particles in silica gel are
typically around 3 - 6 nm although some particles range upwards to 30 nm.!7 The silica
gels have a highly porous structure as synthesized and when supercritically extracted,
maintain this open structure since no vapor-liquid interface forms to collapse the structure
by the forces of surface tension, and lead to high surface area materials. High surface
area, amorphous silica is difficult to crystallize at temperatures less than 1000 °C unless
heated on the order of weeks.!>* 18 The crystallization of amorphous silica is also inhibited
by the presence of certain oxides such as alumina.!® Therefore, when niobia is a
secondary oxide with silica as in the mixed oxide, it is unlikely that enhancement of silica
crystallization will be seen; on the contrary, it would be more likely that niobia will have
no effect or at the very least suppress its crystallization. Therefore, the silica synthesized in

this study is likely to remain amorphous in the temperature range of interest.

1.3.2 The Structure and Properties of Alumina

The structural chemistry of alumina is complicated by the existence of different
phases, as well as by the effects of various methods of prcparation.17 When a precipitate is
formed from an aqueous aluminum solution, the nature of the precipitate, i.e. whether it is
an amorphous hydrogel or whether it is crystalline, is determined by the precipitation
conditions such as temperature, speed, and pH. If the initial precipitate is a hydrogel
(prepared with water as the major constituent), an amorphous structure is never retained
(except transiently) on dehydration. Conversion of the precipitate to a crystalline form will
also occur when left in an aqueous environment. Such aging has been described by a

change in morphology in which an amorphous alumina hydrogel, characterized by




spherical particles of diameter 2 - 5 nm, is gradually converted via gelatinous boehmite to
bayerite, characterized by fibrils of length around 10 nm.!”

The above study concentrated on the hydro- or aquagels formed by precipitation in
an aqueous medium. This study used alcohol as its solvent and thus different structures
and properties would be expected when compared to the aqueous environment. There are
currently two main ways of preparing alumina as an aerogel via the sol-gel process, the
most common way is by using the method developed by Yoldas.20- 21:22.23 hjs method
consisted of 4 basic steps. First of all, the hydrolysis of an alkoxide must occur in a large
excess of water (mol H2O/mol Al3+ ~ 100) at a temperature above 80 °C. Next peptization
of the crystalline monohydroxide into a clear sol is accomplished by the addition of a
critical amount of a certain acid (usually HNO3 or HCl). Gel formation occurs by
concentration of the alumina solution by evaporation at elevated temperatures. One specific
step for this process to work is the hot water hydrolysis of the alumina alkoxide at
temperatures above 80 °C. Cold water hydrolysis leads to the formation of the crystalline
B-aluminum trihydrate (bayerite) which can not undergo further peptization with the
addition of acid. Teichner et al. used a procedure similar to that of Yoldas.2* The main
difference between the two methods is the fact that a stoichiometric amount of water to
hydrolyze the aluminum alkoxide (mol H20/mol A3+ = 3.0) is used instead of the large
excess of water. In Teichner's study of alumina aerogels, it was determined that water in
excess of the stoichiometric amount was detrimental to the textural characteristics of
alumina aerogels in terms of high surface area, high pore volume, and the resulting
amorphous state of alumina.?* Increased crystallinity was observed in the alumina as the
water concentration was increased above the stoichiometric amount. Thus, since the
Yoldas process is primarily used to process transparent porous membranes and also used
as a method in preparing porous ceramic alumina instead of catalyst supports, the method
advanced by Teichner was used in this study. Similar conditions were used in this work

and should yield the same high surface area, amorphous alumina as shown earlier. This is




exactly what we found with our alumina having surface areas around 600 - 700 m?/g, and
which are amorphous up to calcination temperatures of 800 °C. Although both methods as
discussed above are expected to produce the B-aluminum trihydrate (bayerite) it is in a very
distorted form as shown by our amorphous X-ray diffraction (XRD) patterns.

A number of dehydration products have been characterized that depend on starting
materials, reaction conditions, and heating schedule, and ultimate impurity contents. These
all play some role in determining what phase of alumina is present at any given time. This
situation is further complicated because a number of the alumina dehydration products are
not thermodynamically distinct and stable phases, and because many of the structures are
closely related, XRD scans are difficult to analyze unless the product is very distinct in its
diffraction pattern. However, under all conditions, a-alumina (corundum) is the final
stable high temperature dehydration product. All of the other aluminas result form lower
temperature dehydrations and approximate to a greater or lesser extent a model in which the
oxygens are arranged in a spinel, but which not all the cation positions are occupied, and in
which there are varying degrees of cation disorder.25: 26 These other forms of dehydrated
alumina, other than the stable end product, have been termed transition aluminas and are
labeled as v, 1, 8, %, x, and ©. These dehydration sequences, as summarized by Lippens
and Stcggcrda27, are shown in Figure 1-2.

Both ¥- and 1- AlO3 possess defect spinel lattices which are tetragonally distorted
from cubic symmetry, this distortion being more pronounced in the 'y-phase.25 Both of
these products have cation disorder, particularly on th.c tetrahedral sites, and in addition -
Al,O3 has a stacking disorder.!” x-Al2O3 as well as y- and 1-Al>O3 are known as a low
temperature alumina dehydration product and is rhombohedrally distorted with a substantial
stacking disorder. The x- and 8-Al203 products are the higher temperature dehydration
products which readily convert to the stable a-phase with time. 6-Al203 is monoclinically
distorted with the cations occupying mainly tetrahedral positions, and x-Al203 is

rhombohedrally distorted, again with stacking disorders. These alumina products are often
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difficult to isolate because of their transitory metastable states that usually readily form a-
Al703 after being formed themselves. These examples show the complicated nature of
alumina and how the products of dehydration depend on starting materials, heating
schedules, and environment.

Studies done on the surface area of alumina show that the maximum area is attained
at a temperature of around 300 - 400 °C. Upon higher temperature treatments to 500 - 600
°C this surface area declines by approximately 30% due to the elimination of water by
reactions of hydroxyl groups on the surface. The thermal stability of alumina, ¥-Al;03 in
particular, may be enhanced by the addition of small amounts of another oxide such as
silica. Thus, in this research, the surface area decline of alumina would not be expected to
be enhanced by the addition of niobia; on the contrary, it should be attenuated, except at
high enough temperatures at which point compounds form. Except when the high
temperature form of alumina, a-Al;03, is formed, all aluminas prepared by dehydration
contain residual water in the range of a few tenths to ~ 5% with the amount of water
decreasing with increasing temperature. Upon exposure to atmospheric moisture these
aluminas may take on additional water by a surface reaction with any exposed unsaturated
alumina cations. The conversion of hydroxyl groups to water on heating the alumina
hydroxides or other alumina products, leaves behind a structure with exposed aluminum
atoms that behave like Lewis acids because of the electron accepting nature of the
coordinatively unsaturated aluminum cation. The intrinsic acidity of these surfaces may be
enhanced by addition of impurity ions such as chlorine or fluorine, but since this study did
not deal with any types of impurities we expect to see no enhancement of acidity. This
section on the background of alumina shows the complicated nature of this material, and
we will use the structural information of the various phases of alumina to determine the

overall stabilizing effect that niobia has on this oxide and vice versa.
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1.3.3 The Structures and Properties of Niobia
Niobium pentoxide (Nb2Os) is a very complex material that has many different
phase transformations, with some of the observed structures being well documented.
There has been a good deal of work done on the phase behavior of niobia and along with it,
a great deal of confusion as to how to designate the differing phases. Bauer?® originally
named just three modifications by their temperature of formation: low (T), medium (M),
and high (H). Along the way a number of other researchers began to use a new set of
nomenclature using greek letters to designate different phases. However, it was not until
Schafer et al.? did a comprehensive review of the phases and nomenclature of niobia, that
the standard notation (similar to that used by Bauer) became firmly entrenched. The
modification of niobia are named after either the range of temperature in which they are
formed, or by the abbreviation of the shape the crystalline modification forms. This
nomenclature will be used throughout this dissertation.?%: 30
There are three modifications of niobia that are stable in the temperature range of
interest (500 - 1000 °C): T, B, and H.3! These stable modifications can be formed
reversibly with each other. There are also a few other metastable modifications of NbyOs:
TT, M, N, P, and R. These modifications will form into a stable form given sufficient time
at the temperature range of interest for their formation. Their formation can also be
pathway dependent. The dependence of a pathway means that the formation of these
modifications of niobia is dependent on a number of factors: starting materials of niobia,
the method of preparation, and the temperatures and pressures used.?® These metastable
modifications of niobia have also been thought of as being stabilized by impurities, hence
their formation can also be impurity depcndent.”' 32.33
For the purpose of this work, the phase behavior can be greatly simplified by the
elimination of phases that would be unlikely to form under the conditions used in this

study. N-, P-, and R- are rare and are not expected to form in the conditions of this study.

These three forms are also stabilized by impurities (F- ions) which are not found here,
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hence the observation of these phases in this work is unlikely. The remaining phases: TT,
T, M, B, and H can be divided into two groups, low temperature niobia and high
temperature niobia. T-NbOs is a stable, low temperature phase of niobia and TT-Nb2Os
is thought to be merely a less ordered precursor to the stable T-form.2* H-Nb2Os is the
stable, high temperature phase of niobia and the form which all niobia will attain provided
sufficient temperature and time is supplied. M-Nb2Os is thought to be a less ordered
metastable precursor to this high temperature form of niobia in much the same way as TT-
Nb>Os is the less ordered precursor to T-NbyOs. B-Nb2Os is unlikely to be found in this
study as well because it is not an operationally stable phase.34 Long heating times as well
as sufficient pressures (on the order of 50 kilobars) are needed to attain this modification
which has a structure very much unlike any other form as described above (rutile-like
ribbons of edge-sharing NbOg octahedra).3% We feel that the observation of this unique
phase is unlikely in this research. The simplified structural behavior of niobia in this work
is outlined in Figure 1-3.

The crystal structure of niobia is complicated; however the basic building block of
these forms is a niobium atom in 6-fold coordination with oxygen atoms in an octahedral
configuration. There are many fashions in which to arrange these octahedra in order to
achieve an overall stoichiometry of O/Nb=2.5, hence the many different stable or
metastable forms of niobia.2® The stoichiometry is controlled largely by the number of
octahedra (and therefore oxygens) that share edges and corners and by the number of
octahedra that each oxygen is associated with, that is 1, 2, or 3 octahedra. It is these
differing niobium and oxygen sites that occur that define the crystal structure of niobia,
because the relative amount of oxygen sharing between octahedra varies from one
octahedron to another. For example, suppose a octahedron shares 2 edges (3 oxygen
atoms) and 3 corners with other octahedra. Tl_le edge oxygens belong to 3 octahedra while

the corners are shared among 2 octahedra, therefore the stoichiometry becomes

NbO303/3, or NbO2 s.
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Figure 1-3: Nb,0O; PHASE MODIFICATION AS A FUNCTION OF TEMPERATURE
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These different phases of niobia will be investigated to determine how their
properties change with structure. In this investigation it is important to be able to identify
the distinct phases of niobia in order to understand how the effects of structure are related
to different properties such as acidity, support effects, reducibility, and interactions with
silica or alumina. These properties are all important, as is the effect of preparation of the
niobia aerogel and the binary oxide aerogels that are prepared as amorphous materials by

the sol-gel method.

1.4 The Structure of Binary Oxides

This section gives a review of the binary oxides, supported and mixed oxides,
which have relevance and are closely related to the niobia-silica and niobia-alumina
systems. This section will also cover some of the unique chemistry-structure relationships
used in order to prepare these binary oxides and will later go into depth of the different
preparations found in the current literature in order to synthesize silica-supported niobia and
alumina-supported niobia as well as the mixed oxides thereof. Acidity models used to

explain the results of the binary oxides will be discussed in later sections.

1.4.1 Supported Oxides

Supported metal oxides are prepared when one metal oxide phase is dispersed on a
second metal oxide substrate. There are a number of reasons to use supported oxides
instead of bulk, unsupported ones. One reason is to increase the effective surface area.
Often times bulk oxides, especially transition oxides such as niobia, are prepared by a
relatively high temperature calcination that results in significant sintering or crystallization
and loss of surface area. A suitable supporting oxide can help reduce this sintering and
reduction of area by imparting thermal stability to the supported oxide. Another very

important reason for preparing supported oxides is to modify the chemical properties of the
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bulk unsupported oxides by the formation of a surface oxide phase. These surface oxide
properties can often be quite different from those found in the bulk unsupported phase of
the oxide. The catalytic behavior of these supported oxides is closely related to the
structure of the surface phase oxide.36:37 An understanding of the formation of surface
layers and their interaction with the substrate has therefore become increasingly important
since supported oxides are commercially used as oxidation, isomerization,
dehydrogenation, and dehydration cata]ysts.s' 38

As mentioned above, it has recently been discovered that supporting an oxide on
another oxide may lead to more desirable properties than that of the oxide in bulk form.
An example of this is that V205 supported on TiO (anatase) selectively oxidizes o-xylene
to phthalic anhydride much more readily than unsupported V205.6' 7.8 Also, MoO3
supported on either SiO2, TiO,, or Al,03 is both more active and selective in the photo-
oxidation of hydrocarbons than bulk MoO3.>* 39 Forming a surface monolayer of these
supported species was found to be responsible for the catalytic behavior. 3 Thus, by
simply dispersing the oxide in the form of a complete monolayer, one can convert a support
with undesirable chemistry into a useful and catalytically active material. Although a large
number of supported oxide systems have been examined, a review of only those supported
systems relevant to Nb2Os-SiO2 will be discussed which will help give a general
understanding of the effects of supporting an oxide on molecular structure.

Of the many supported oxide systems studied in the literature V205-TiOz, TiOp
supported V20s, is a good starting point in understanding these systems because of the
extensive data available. Recent studies indicated that the surface vanadium oxide has two
terminal and two bridging bonds to surface oxygens, and exhibits intrinsic disorder below
monolayer coveragc.‘w This type of tetrahedral environment with terminal double-bonded
oxygen atoms, V=0, has been confirmed by other researchers.® 4! Above monolayer

coverages, small crystallites of V205 are present on the TiO7 support in addition to the

monolayer of the surface vanadium species. These small V205 crystallites are also
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somewhat distorted in comparison to bulk, unsupported V2058 Evidence by Gasior and
Machcj42 showed that the (010) crystallographic plane of V205, the plane containing
exposed V=0 bonds, is more active and selective than other V205 planes for the oxidation
of o-xylene to phthalic anhydride. The same type of V=0 bond exposed on the vanadia
surface oxide monolayer on TiO is the reason for the superior oxidation chemistry of this
catalyst. This bond for the surface vanadia species has also been found to be easily
reducible during reaction conditions and is related to the vanadia-support interaction.43 44
Most workers have agreed that different preparation techniques yield surface vanadia
species which are independent of the method, but are intrinsic to the vanadia-titania
interaction, thus showing that V205 strongly interacts with Ti02.6' 40,45,46

The study of V20s-TiO; has led to the study of V205 supported on other oxides
such as SiO», and A1203.40' 41,47 V705 supported on AlpO3 has been well studied using
a variety of techniques.“' 47 Fora 5 wt.% V205-A1,03, Raman features were found in
the spectra that corresponded to the presence of both monovanadate (VOy3), and divanadate
V207) spccics.47 Upon increasing the vanadia content on alumina to coverages beyond 5
wt.% (10 to 20 wt. %), a new distinct species with a different coordination began to appear.
This species was similar to highly distorted (containing a V=0 bond) vanadia, suggesting
that octahedral VOg groups were forming with this material.*! On silica, the behavior of
the supported vanadia species was slightly different. A 5 wt.% V205-Si02 sample
exhibited Raman bands characteristic of micro-crystalline V205 since the bulk V205 phase
was just beginning to form. The crystalline V205 bands, with stonger intensities,
overshadow the presence of any weak surface vanadate Raman bands. The formation of
crystalline V205 in the V205-Si0; system reflects the weaker interaction of vanadium oxide
with the silica support relative to the Al203 and TiO; supports. At coverages below §
wt.% (onset of crystallization) the silica supported vanadium oxide phases have been found

to be present as tetrahedral mono-oxo vanadate species and polymeric tetrahedral

metavanadate species. 47 Hydrating these vanadium oxide species on SiO7 converts the
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tetrahedral mono-oxo vanadates into an octahedral polymeric vanadate structure, while both
hydrated and dehydrated vanadium oxide species on Al;03 possess isolated tetrahedral
vanadate structures at low covcrages.48

Another system that has been well studied is A1203-supported MoO3. This system,
which is commercially very important to the petrochemical industry in terms of its ability
for hydrodesulfurization and hydrotreating, will be discussed in terms of the structures that
have been characterized as forming on the alumina support as well as the effect that
preparation has on the formation of these structures. Structural models have been proposed
by several researchers. 4% 30. 51. 52,53 [qo1ated dioxo monomolybdate, MOy, as well as
dimerized molybdate, M207, species that are tetrahedrally coordinated, are believed to be
formed primarily at low coverages of MoO3. This behavior is nearly identical as seen
previously for V20s-Al203. Polymeric molybdate in an octahedral environment increases
with increasing loading of MoQ3 at the expense of tetrahedral molybdate structures. >0 34
55 Further increase in loading of MoOj results in crystalline MoO3 because of the extra
mobility of MoOs.

The study of the MoO3-Al,0O3 surface oxide has led to the study of supported
MoQ3 systems on other oxides.39: 36.57.38.59 gimilar to V205-TiO; supported oxides,
Mo03-TiO2 surface oxides were found to be strongly interacting and similar structures
were found on these supports regardless of prcparation.ss' 60,61 gyurface structures on
Mo003-A1203 supported oxides have shown discrepancies in the literature and this is
probably attributed to the different preparation techniques used by the different research
groups in synthesizing these materials. Therefore, the preparation method used to bond
MoO; to AlO5 has an effect on the final structure of Mo03-Al203. On Si02, Mo03-SiO,
surface oxides were found to be poorly interacting as shown by the poor dispersion of
MoOj crystallites on the surface.58 62:63 Because of these findings of weak interactions

with the silica substrate, several researchers have investigated different preparation methods

to try to disperse MoO3 over SiO2. The results of these findings show that effects of
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preparation do necessarily affect the final surface oxide of MoO3—Si02.39- 56,59 Below is
a brief discussion on the role of preparation of these supported oxides and how their
resulting surface oxide structures are influenced by the different methods.

Supported oxides are synthesized by grafting one oxide onto the surface of a
second supporting oxide. The technique most commonly used to prepare these materials is
that of impregnation, although several other methods are used such as vapor phase
reactions using organometallic precursors or solid-surface diffusion of the supported
oxides.®* The technique of impregnation typically involves filling the pores of the
supporting oxide with a solution containing the precursor for the supported oxide. When
the solvent is water and the dissolved species is in the aqueous phase, the technique is
usually termed as aqueous impregnation, while if the solvent is a dehydrated hydrocarbon
solution the method is called non-aqueous incipient wetness impregnation. There are
typically two types of precursors that are used, a complexed oxide which can be dissolved
in a solution such as (NHg)sM07024+4H0, or organometallic precursors such as Mo(13-
C3Hs)4 or [Mo(OCyHs)s]2. For preparations in an aqueous environment the former
precursor is typically used and it has been found that pH has a direct effect on the reaction
between the precursor and supporting oxide.33:65 The equilibrium of this reaction is given

as:66

TMo0042- + 8H* =—— Moj70946 + 4Hy0 (1.1)

This equilibrium is shifted to the right at low pH (~ 1) at which point the M070245 solution
species can react with the surface hydroxyls because of a net positive charge associated
with the surface.>3 Since the species reacted with the surface is already polymeric in
nature, this preparation leads to polymeric molybdate species on the surface. At the other
end of the pH scale, at high pH (~ 9), Mo042- is the prominent solution species but

because the surface is now negatively charged, the surface hydroxyls are unreactive
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because of the electrical repulsions and MoO42- is simply dispersed over the surface, but
can later react with the supporting oxide during calcination as the impregnating solution is
driven away.53 This preparation can also lead to polymeric molybdate species because of
the non-reactivity of the surface during the preparation step which leads to greater mobility
of the active molybdate spc:cic:s.:"’3 When organometallic precursors are used, the
preparation is usually performed as an incipient wetness impregnation using a dehydrated
hydrocarbon as the solvent, such as hexane or benzene. In this preparation it is usually
believed that the surface hydroxyl group reacts with the electropositive metal atom in the

organometallic compound thus grafting the supported oxide as shown in Equation 1.2.
=Si-O-H + Mo(OCyHs5)s ==—— =Si-O-Mo(OCsHs)s4 + CoHs-OH (1.2)

There are several reasons as to why the preparation method influences the structure
of silica supported oxides more so than the other discussed oxides of TiO2 and A,03. The
main reason is probably attributed to different isoelectric points (IEP) of these oxides.
Silica has the lower IEP at a pH = ~ 2, while titania and alumina have IEP's of 5-6 and 8-9,
l'c:spec:tivcly.67 These various points determine at which point anions (pH < IEP) or
cations (pH > IEP) will be adsorbed onto the surface of the supporting oxide. Unless a pH
of about 1 is used in preparing MoO3-Si0; from (NH4)¢M07024°4H20 the surface
molybdate species will not be well dispersed and crystalline MoO3 will readily form upon
calcination, as when a pH of around 6 is typically used.3 This explains why well
dispersed surface molybdate species are readily seen with the TiO2 and Al,03 supports,
under these typical conditions of pH ~ 6, because this pH is lower than the IEP’s for both
these oxides and will allow the molybdate to bond to the positively charged surfaces.
Organometallic precursors like Mo(13-C3Hys)4 are more effective in dispersing tetrahedral
molybdate species over oxides (silica in particular) than when (NH4)6M07024°4H70 is

used 39 68.69 The different types of organometallic species also lead to differences in the
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final structure of the silica supported oxide, because of the different bonding environments
afforded by the organometallic precursor. Other reasons for the differing surface oxide
structures for silica over other oxides is that silica typically has a much larger surface area
than other oxides (typically 2 to 10 times higher) which makes problems such as steric
effects in the pores and capillary wetting (possible solvent differences) more pronounced.
These differences are believed to be responsible for the influence of preparation method
uscd.39' 59, 65

Other supported oxide systems which have been investigated display similar
features to those discussed above for the supported V205 and supported MoO3 systems.47
The interactions of several transion metal oxides (rhenium oxide, chromium oxide, and
tungsten oxide) show the strong interaction of the metal oxides with the Al203 and TiO;
supports as indicated by the formation of atomically dispersed surface metal oxide phases.
The much weaker interaction of the metal oxides with the SiO2 support results in the
formation of both atomically dispersed surface metal oxide phases as well as metal oxide
crystallites. From the work by Wachs' group it is generally assumed that silica is a less
interacting support than other oxides, which basically means that an effective reaction to
chemically bond the supported oxide precursor to silica has not taken placc:.“7 When silica
supported systems are effectively formed, i.e. observation of well-dispersed tetrahedral or
octahedral species, strong interactions in terms of chemical properties of the supported
oxides are generally seen. 3% 70. 71, 72,73 pys, understanding the interactions of the
oxide support and supported oxide is crucial to under:standing the supported oxide system.

With this background on general surface oxides, we will now concentrate our efforts in

discussing the current literature of silica and alumina supported niobia.

1.4.1.1 Silica-Supported Niobia (Nb03s-Si0O3)
This section is a brief discussion of background information on the structure of

silica-supported niobia. This review consists of work recently done by our group as well
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as detailed structural information that has been compiled by other researchers. The first
research on silica-supported niobia systems was done six years ago by Ko et al.’® In this
work, three niobia-silica supports were prepared using incipient wetness impregnation of a
hexane solution onto a high surface area silica support. These three supported oxides
consisted of one, two, and three monolayers of NbaOs grafted onto silica and were
designated as NSI, NSII, and NSIII, respectively. All three samples were found to be
XRD amorphous after a standard calcination at 500 °C for 2 hours and were thus
considered stable, since pure niobia crystallizes to TT-Nb2Oj5 after these same thermal
treatments. After heat treatment to 600 °C for 2 hours, NSII and NSIII sintered and
crystallized into T-Nb2Os while the monolayer sample remained amorphous, as shown by
XRD. These results suggest that niobia-silica surface oxides are stable after a 2 hour, 500
°C calcination, but only the monolayer is stable after further heat treatment to 600 °C. This
initial study brought up many interesting questions that needed to be addressed. First, does
the initial layer at the silica surface of NSII and NSIII remain stable after crystallization at
600 °C or do these layers fully dewet the silica surface and sinter the first layer as well?
Secondly, is NSI, the silica-supported niobia monolayer, actually stable or are there
microcrystalline particles or amorphous niobia aggregates that are forming? To help
answer these questions, a study was performed on model thin films of niobia to aid in a
further examination of the niobia-silica supported oxide structural morphology. This
research constituted the Ph.D. thesis of J.G. Weissmann.”

The results of the model thin films will be discussed along with the previous study
on the high surface area oxides to determine if thcré is a relation between the structural
interactions of these oxides and their chemical propertics.75 »76,77.78,79 The model thin
films (one-, two-, and three- atomic layers of niobia on silica) gave significantly different
results than those of the high surface area oxides. Niobia on the model thin films
crystallized to T-Nb,Os after calcination at 500 °C and to either all H-Nb2Os or to H- and
T-NbyOs after the heat treatment to 600 °C, depending on the method of preparing the
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niobia layers and duration of the thermal treatment. Recall that the high surface area
counterparts after this same thermal schedule were amorphous, for the monolayer sample
NSI, or crystallized to TT-Nb2Os, for the multilayer samples of NSII and NSIII. While
these model thin film samples do not correspond directly to their high surface area
counterparts, important observations were made concerning these systems. First, when H-
and T-NbyOs were found together, the H-NbyOs crystals were found to be large and well
ordered, while the T-Nb2Os crystals were smaller and flatter. In fact, for the multilayer
thin film samples, T-NbzOs crystallites were found to lie below the larger H-NbyOs
crystals. The more surface reactive niobia preparation technique led to higher proportions
of T-NbyOs to H-NbyOs after the 600 °C treatment. These observations led to the
conclusion that T-NbOs crystallites are stabilized by niobia strongly interacting with the
silica surface. Thus, T-NbyOs crystallites are indicative of regions were niobia is stabilized
by the surface, while the H-NbzOs crystals occur in areas where niobia is destabilized.

The difference in the behavior between the high surface area (HSA) samples and the
thin film (TF) samples has been attributed to different extents of support interaction, which
can be related to the concentration of surface -OH groups on the support. On the HSA
supports, the surface contains a large concentration of -OH groups on the surface, and the
niobia monolayer, NSI, is stabilized by Nb-O-Si linkages from the surface reaction with
the -OH groups; however, on the TF supports, there is a much lower concentration of -OH
groups, thus only a partial coverage of the support can stabilize the niobia monolayer.79
The remaining niobia dewets the surface and crystallizes. In the HSA samples, niobia
above a stabilized monolayer forms T-NbzOjs crystals upon higher heat treatment to 600 °C,
while on the TF samples, only a partial stabilization occurs, as seen by the increased
amount of crystallization to T- and H-Nb2Os. Reduction studies on these high surface area
samples confirm that the interfacial interaction which stabilizes niobia as a surface phase in
this system also makes niobia more difficult to reduce. These reduction resuits also

showed that if niobia is allowed to crystallize first in a non-reducing environment, then the
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crystalline phase is stabilized and reduces at a higher temperature than bulk niobia;
however, if sufficient niobia loading is used on the sample, niobia located far enough away
from the stable niobia-silica intcrface reduces similarly to bulk Nb2Os. These studies
provided information on the interaction chemistry between niobia and silica, but not until
recently has the structural chemistry of these niobia overlayers been investigated.

Several researchers have recently done considerable studies on silica-supported
niobia.6780-90 1n the first paper by Iwasawa®! the structure of a one-atomic monolayer of
niobia attached to silica, prepared in a similar fashion as previously mentioned by Ko'4,
was probed using a variety of techniques including Extended X-ray Absorption Fine
Structure (EXAFS), and High Resolution Electron Microscopy (HRTEM). From this
work they determined that niobia was amorphous after calcination at 500 °C in oxygen and
that Nb exists in a pentavalent state and also that the Nb-O-Nb and Nb-O bond distances
were shorter for the attached niobia monolayer than those found in T-NbyOs.
Correspondingly, shorter Nb-O bonds for the surface phase imply stronger Nb-O
bonds.”1*92 The presence of Nb-O-Si bonds were also detected confirming the existence
of niobia attached to silica (see Figure 1-4). It was also determined in this study from the
Nb-O-Nb distance, that the relative portion of edge-shared to corner-shared structures in
the one-atomic monolayer catalyst is much larger when compared with T-NbyOs. These
results indicated that niobia is indeed structurally different from T-NbyOs5 when supported
on silica at a monolayer coverage.

Papers reporting the structure of niobia supported on silica at low coverages, below
monolayer, have recently been published.so' 84, 86, 88, 90 Using a variety of sensitive
spectroscopic techniques including Laser Raman and Infrared Spectroscopy, EXAFS, and
X-ray Photoelectron Spectroscopy (XPS), researchers have identified the surface structures
of supported niobia. There exists some controversy over exactly what types of structures

exist on silica so a review of the most current literature on the subject is in order.
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Nishimura® determined that the structure of the low coverage niobia supported
oxide consisted of a tetrahedral dioxo structure that was bridged to the silica substrate as
shown in Figure 1-5(A).

The niobia structures with niobium oxygen double bonds were confirmed by
EXAFS, and Raman spectroscopy was used to conclude that the structure was tetrahedral.
EXAFS also showed the presence of Nb-O-Si surface bonds indicating the linkaze of the
monomer unit to the support, and no Nb-O-Nb interactions were detected by EXAFS
showing that these species are isolated on the surface as well. These monomers were
grafted onto the surface of the silica support by a reaction between an organometallic
precursor, Nb(n3-C3Hs)s, and the hydroxyl groups of SiO2, which was pretreated at 400
°C under vacuum to control the surface -OH concentration at 2 OH/nm2.80: 8 1wasawa®
has recently expanded research of the monomer species to a dimer niobia species on silica.
These were prepared in a similar fashion to above; however, the organometallic precursor,
[Nb(n3-CsHs)H-u-(n3,n1CsHy)]; was different. The loading on the support was kept
low to a value of about 1.0 wt.%. The local structure of the dimer was not drastically
different when compared to the Nb monomer [see Figure 1-5(B)]. A tetrahedral
environment was noted in the dimer of niobia, and the only profound difference seen is the
Nb-O-Nb interaction with the bridging oxygen atom. Again Nb-O-Si bonds were detected
confirming the existence of a grafted niobia species to the support.

Other researchers including our group have suggested slightly different
environments for niobia when it is bonded to silica at less than monolayer coverage. Burke
and Ko suggested that the basic building block at low coverages is a tetrahedral species
with one doubly bonded oxygen and two hydroxyl groups attached to the niobium atom
which is then anchored to the silica support through a single bond as shown in Figure 1-
6(A). Using EXAFS and X-Ray Absorbtion Near Edge Spectroscopy (XANES), Yoshida
et al.86, also concluded that at low loadings, the surface phase of niobia exists as a highly

dispersed phase and is tetrahedral with a single Nb=0O double bond. Other than the
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Figure 1-5: A) STRUCTURE FOR NIOBIA MONOMERS ON SILICA AND B)
STRUCTURE FOR NIOBIA DIMERS ON SILICA#
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Figure 1-6: A) STRUCTURE FOR LESS THAN MONOLAYER COVERAGE OF
NIOBIA ON SILICA% AND B) PROPOSED QUANTUM
MECHANICAL STRUCTURE OF LOW COVERAGE FOR NIOBIA ON
SILICA9®3
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experimental evidence cited above, the quantum chemical calculation of Kobayashi93 also
showed this to be a stable structure. From these calculations, the preferred structure of
isolated niobia-silica is tetrahedral [see Figure 1-6(B)}, with one Nb=0 double bond along
with adjacent hydroxyl groups - similar to the structure proposed by Bernholc et al.12 for
niobia-alumina as will be discussed later. In these calculations the number of Nb-O-Si
bonds was assumed to be fixed at one.

At higher loadings of niobia on the silica support, Yoshida et 2186 reported that
square pyramidal species occur in an aggregated state. Figure 1-7(A) represents such a
structure which is also referred to as a highly distorted octahedron by Jehng and Wachs.57:
94 Jehng and Wachs also showed that Nb2Os aggregated on SiO2 at a concentration above
2 wt.% into slightly distorted octahedra as shown in Figure 1-7(B). Thus, Burke and
K070 used these results to suggest a model of their NS(0.25) and NSI samples, based also
on experimental results for the heats of adsorption of pyridine. With increasing Nb20Os
concentration, the shift from tetrahedral to octahedral niobia as the dominant species was
proposed. Even though these studies differed slightly in the support and precursor used as
well as the experimental techniques u;cd to extract structural information, they all have
given a better perspective on the structure of the surface phase of silica-supported niobia.
This background information on the structure of niobia when it is supported on silica,
shows that the structure changes with niobia coverage and that these structures differ

significantly from that of bulk niobia. Next we will discuss the available literature

information on alumina supported niobia, NbyOs5-AlL03.

1.4.1.2 Alumina-Supported Niobia (Nb20s-Al1203)
There is considerable information on the commercial importance of Nb20Os-Al,03

supported oxides as acid catalysts.lz' 38,95.96.97 However, there is a general lack of

understanding on the origin of acidity of these materials. Not until recently has there been




Figure 1-7: A) HIGHLY DISTORTED NIOBIA STRUCTURE FOR NIOBIA ON
SILICA AND B) SLIGHTLY DISTORTED NIOBIA STRUCTURE FOR
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any kind of research done on the structural basis of these binary oxides, but even with this
preliminary work, there exists controversies over their actual structures.

The first work of alumina-supported niobia was published approximately 5 years
by Japanese researchers.80 The supported catalysts were prepared by the reaction of an
organometallic Nbm3-C3Hs )4 and -OH groups of Al;03. This material was then treated
with H2 and O3 to yield the structure shown in Figure 1-8. XANES work found the Nb
atom to be tetrahedral. The niobia monomers were also determined to be distributed as
isolated species since no observance of Nb-O-Nb bonds were found.

Another model for the structure of alumina supported niobia comes about by a two-
fold compilation of experimental data and quantum mechanical calculations.!? These
structures were proposed in order to explain the trends and origins of Brgnsted acidity on
dispersed y-alumina - supported transition metal oxides. The main feature in this model
structure was the double bonded oxygens, as determined by Laser Raman Spectroscopy,
that give these materials their high acid strength. The proposed acid structure along with
the conjugate base of the acid cluster is shown in Figure 1-9. The doubly bonded oxygens
can help distribute or delocalize the negative charge that is associated with the donation of a
proton. The support was also found to play an "inductive” role by allowing the negative
charge to spread into the oxide support network, and in so doing lowered the proton
removal energy thus making a stronger Brgnsted acid. WO3-Al203 was also investigated
in this study and found to have an even greater Brgnsted acid strength than Nb20s-Al203.
This extra strength was attributed to the additional electron withdrawing action of two
doubly bonded oxygens on the tungsta species as opposed to niobia which only has one
doubly bonded oxygen. _Nb205-A1203 was believed to be much more stable than WO3-
ALO3, because of the two Nb-O-Al bonds which anchor the niobia surface species to the
alumina support, while the tungsta had only one W-0O-Al bond. Overall, both W0O3-Al,03
and NbyOs-Al203 had high Brgnsted acid strength, while WO3-Al203 was considered to
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Figure 1.8: STRUCTURE OF NIOBIA SURFACE OXIDE ON ALUMINA (<< MONO-
LAYER COVERAGE)®
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Figure 1-9: A) STRUCTURE OF ALUMINA-SUPPORTED NIOBIA (BRONSTED
ACID) AND B) RESULTING STRUCTURE OF CONJUGATE BASE

OF NIOBIA-ALUMINAI2
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be a slightly stronger acid because of the extra delocalization effect of the two doubly
bonded oxygcns.lz' 38, 95,96

Another study similar to that of Bernholc was undertaken by Kobayashi et al. to
explain the interaction of niobia on alumina by quantum mechanical calculations of model
clusters.?3 Calculations of silica-supported niobia were mentioned earlier; however,
results for the alumina-supported niobia are similar. The results actually show that a
tetrahedral dioxo structure is the most stable structure for niobia supported on alumina;
however, these findings are somewhat skewed by the calculations and proposed model
which favor a stabilizing effect by the formation of a 4-membered ring, with the
electronegative oxygen atom bonding to the electropositive aluminum atom. This is an
unlikely structure because of the truncation of the alumina support used to simplify their
calculations. A similar study of this same dioxo structure on silica showed it to be highly
unstable. Therefore, the model suggested by their findings is a tetrahedral mono-oxo
structure with one Nb-O-Al bond to anchor the moiety to the support as shown in Figure 1-
10. In these calculations the number of bonds to the support was fixed at one. Further
calculations need to be explored to determine whether an increased number of bonds to the
support actually stabilizes the niobia cluster. Although the previously mentioned studies
differ somewhat in the support, precursor, or technique used to analyze the alumina-
supported niobia, they all have similar features. The most striking observation is that all of
the proposed models feature at least one Nb=O bond. Also all of the structures are
tetrahedral in nature. The last structure proposed by Kebayashi looks remarkably similar to
that proposed by Bernholc if there was another surface bond accounted for in the
calculation.

Within the past few years there has been research done from Wachs' group that has
led to proposed structures on these systcms.67' 85,92,94,98 These studies have primarily
concentrated on experimental results of Raman Spectroscopy as well as theoretical

calculations. These researchers have come to the same conclusions as those previously
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Figure 1-10: A) PROPOSED QUANTUM MECHANICAL STRUCTURE OF
ALUMINA-SUPPORTED NIOBIA (<< MONOLAYER COVERAGE)%3
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mentioned in that the supported niobia systems on alumina contains a niobium oxygen
double bond, Nb=0. Their proposed structure for this system is a highly distorted NbOg
octahedra as shown in Figure 1-11(A).67' 94,98 However, in recent papers, they have
suggested that a mono-oxo tetrahedral structure could also not be ruled out. See Figure 1-
11(B) for the mono-oxo structure proposed by Hardcastle.8 92 In general the highly
distorted mono-oxo NbOg species is more probable in light of the structural chemistry of
niobium oxide, i.e. the fact that tetrahedrally coordinated niobate species are rare, and
NbOQy4 tetrahedra appear under extreme circumstances.

These past few sections introduced the current background information on
supported oxides and more specifically, those supported systems directly applicable to this
study. We will now focus attention on the lesser known systems of mixed binary oxides

containing niobia.

1.4.2 Mixed Oxides

In the field of catalysis, mixed oxides are important because of their strong acidic
properties. These oxides cover a large array of forms and structures and can be used either
as catalysts or catalyst supports. Research on mixed oxides using different starting
materials, preparation steps, and composition of components, has shown that these
catalysts can be crystalline, glassy, amorphous, or heterogeneous materials.!* 11
Currently, the role of structure in relationship to the properties of these catalysts is not well
understood. There are a number of ways to synthesize mixed oxides, as reviewed by
Courty.99 There has also been an interest in preparing these materials through a sol-gel
process which is then followed by a supercritical extraction of the solvent ladened gel. The
preparation techniques used in this study involve the co-precipitation and sol-gelling of
mixed oxides. The first part of this section will discuss combinations of mixed oxides

which help shed some light into these systems and will subsequently be followed by a

discussion of the relevant binary oxide systems of niobia/silica and niobia/alumina.
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Figure 1-11: A) HIGHLY DISTORTED MONO-OXO NbOg OCTAHEDRA AND B)
HIGHLY DISTORTED MONO-OXO NbOs TETRAHEDRA
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There is very little information on both the niobia/silica and niobia/alumina mixed
oxide systems. Ibraihm and Bn’ghtl3 studied niobia/silica at temperatures above 1300 °C.
Their results showed that silica and niobia are completely immiscible, even in their liquid
phases. Layden14 has also studied the niobia/alumina system at elevated temperatures and
found that these two oxides readily undergo a solid-state reaction to form the compound of
NbA1O4 (Nb20Os+Al203) Another study which showed a compound formation was for the
niobia/germania system which formed a compound of stoichiometry 9Nb205°Ge02.100'
101 The structure of this compound is very different from those phases of niobia which
typically appear in the same temperature range. Also, it was observed that niobia
crystallized into the TT- and T-Nb2Os phases from a high temperature melt of
niobia/germania.mo Normally M- or H-NbyOj5 are the stable forms of niobia in this
temperature range of crystallization from a melt.? This suggests that TT- and T-NbyOs
could be stabilized by germania through the compound formation mentioned earlier, but
whether GeOz is actually incorporated into TT- and T- NbpOs is unknown.

Another mixed oxide that has been investigated is TiOz/Si02.3' 102-108 Thege
mixed oxides, prepared by co-precipitation and sol-gel methods, showed interesting mixed
oxide behavior that is similar to the NbpOs/Si0; system. First of all, the TiO/Si0; system
has one component (TiQy) that crystallizes readily, while the other oxide component (Si02)
does not. This is identical to the NbpO5/SiO; system where NbyOs crystallizes at low
temperature, and SiO; does not crystallize below 1000 °C.16 Another similarity between
these two systems is that both binary mixed oxides are highly acidic.2-3- 88 Amorphous
silica appeared to inhibit the crystallization of TiO2, i.e. as TiO; content increased, the
crystallization tendency of the mixed oxides became more and more pronounccad.m8 At
low concentration of TiO> in the TiO2/SiO, mixed oxide system EXAFS and XANES
experiments have identified the coordination geometry of the Ti4+ jon.106: 109 1t was

determined that the geometry is primarily a four-fold coordination. 196 109 This result is

somewhat surprising since tetrahedral titanium compounds are rare. The compound
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Ba;TiO4 (4-fold Ti bearing compound) has Ti-O separations which are short ranged and
confirm the above assignments for tetrahedral coordination of titania, 110 Increasing the
concentration of TiO; increased the number of 6-fold coordination Ti4* sites and decreased
the number of 4-fold sites until at high concentrations of TiO2 (above 50 wt.%) the
coordination of titanium was primarily octahedral, 106: 109 Along these same lines of
reasoning, Chen found that the most acidic compounds of TiO2/SiO7 were the ones with
low concentrations of titania (~ 25 wt.%). This same concentration was found to have a
large proportion of tetrahedrally coordinated titania. Only at very high temperatures was it
found that crystobalite crystallized from these mixed oxides with Ti in a substitutional solid

solution.’!! Now we will concentrate our attention on the mixed oxide systems of

Nbz05/S107 and NbyOs/Al>O3.

1.4.2.1 Nb20s/SiO; Mixed Oxide

Little to no structural information is available for niobia/silica mixed oxides.
Ibraihm and Bright13 studied niobia/silica at temperatures above 1300 °C and found that the
two component oxides are immiscible even in liquid form, thus no driving force for
compound formation exists. It therefore makes an ideal system for studying interfacial
interactions between niobia and silica, to determine if niobia is actually stabilized by silica
and vice versa. Recently a study by Burke38: 90 and Sivade et al.112 113 found that silica
inhibits the crystallization of niobia. Laser Raman studies also indicated that for NS25w
(25 wt.% NbyOs), a broad peak existed which could be assigned to a combination of
tetrahedral and highly distorted octahedral species.3% Upon heat treating this sample to
1000 °C crystallization of TT-Nb20Os ensued and a conversion from tetrahedral to
octahedral niobia was found by Raman studies.38 Increasing the concentration of niobia in
the niobia/silica mixed oxide also showed a conversion of tetrahedral to octahedral niobia,
similar to the effect the 1000 °C heat treatment had on NS25w.88 Acidity studies were

performed and showed high heats of adsorption similar to those of silica supported niobia,




thus Burke and Ko proposed the dominant structure to be a tetrahedral species as shown in
Figure 1-12.90 This proposed structure did not have any terminal -OH groups, which
explained the lack of any strong Brgnsted acid sites. The heat treated (1000 °C) NS25w
sample was found to have a significantly lower heat of adsorption than the untreated,
calcined sample. Thus, a decrease in acid strength accompanied the tetrahedral to
octahedral conversion in the mixed oxide. These niobia/silica mixed oxides were also
found to be more difficult to reduce than bulk niobia showing the oxide-oxide interactions

inherent in this system influence its physical and chemical properties.

1.4.2.2 Nb>0O5/A1,03 Mixed Oxide

Little work has been done on the niobia/alumina mixed oxide system. Layden
showed that these two components readily underwent a solid-state reaction to form
NbA104.14 Recent research from our group confirmed this compound formation upon
heating the mixed oxide to 1000 °C; however, this work also showed that these materials
were all amorphous after a standard calcination at 500 °oC.114 The niobia/alumina mixed
oxides also showed great acidity and acid strength as the concentration of niobia was
lowered in the mixed oxide. Jehng and Wachs showed that NbAlOy4 is formed at high
calcination temperatures and high niobia concentrations, but low concentrations of surface
niobium oxide phases are stable to high heat treatments.8> Although Jehng and Wachs'
work is not directly applicable to the mixed oxide analysis, it does show that there is a
strong oxide-oxide interaction between niobia and alumina. These past few examples of
mixed oxide systems and surface oxide systems show that oxide-oxide interactions play a
significant role in the crystallization of one oxide in the presence of a second oxide. The
strength of these interactions is often such that the structure or surface properties of these
binary oxides are significantly different from either of the bulk oxide starting materials.

The work previously mentioned was performed primarily on samples prepared by a

standard co-precipitation technique. This thesis will deal almost entirely with samples
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Figure 1-12: PROPOSED TETRAHEDRAL NIOBIA STRUCTURE IN Nb205/5i0,
MIXED OXIDE%®
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(aerogels) prepared via the sol-gel method, followed by a supercritical extraction. The next
few sections will discuss in detail the method of preparation used in this thesis and give

examples of samples that have been utilized as catalysts or catalyst supports.
1.5 Sol-Gel Method of Preparation for Aerogels

The main method used in this work for the preparation of the mixed and bulk
oxides was the sol-gel technique followed by a supercritical extraction of the solvent from
the gcl.4' 17,24,115-121 These materials were first made by Kistler in the 1930's and were
termed aerogcls.‘”‘ 118, 119 The metal oxide aerogels are suitable for a variety of
applications such as ceramics, adsorbents, and insulators.115-119, 122,123 e very high
surface areas and pore volumes of aerogels make them especially attractive for reaction
catalysts or catalyst suppons.124 Not until recently though have aerogels been utilized as
supports and catalysts.%’ 115,124, 125 Reasons for the long time delay between
development and application are probably due to the early difficulties in preparing the gel
that often took weeks to synthesize.

The sol-gel method and its importance to the ceramic and glass industry has been
well documented.123: 126. 127 Tpe sol-gel process using metal alkoxides [M(OR)y] is
basically a three step process. 122,123,128 e firgt step involves adding the alkoxide(s) to
the solvent, which results in a homogeneous solution. The second and third steps involve
the hydrolysis and polycondensation of the alkoxidc(s):lzs' 129

¢ Hydrolysis:
-MOR + HO --> -MOH + ROH (1.3)

¢ Polycondensation:
-M-OH + HO-M- ---> -M.O-M- + HYO (dehydration) (1.4)
-M-OH + RO-M- ---> -M-O-M- + ROH (dealcoholation) (1.5)
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All of the above reactions tend to occur simultaneously.128 It appears that an SN2 type
mechanism is the most probable, with the electronegative oxygen atom attacking the more
positive metal atom, releasing either water (1.4) or alcohol ( 1.5).]29 In general, the ease of
replacement of the alkoxy group decreases from tertiary to secondary to primary.uz' 128,
130 Gelation of this material can be brought about by: (1) removing the solvent, thus,
bringing the polymer species into closer proximity and increasing the probability of
crosslinking; (2) allowing the system to age and bringing about further dehydration and
hydrolysis reactions; (3) adding more water; (4) increasing the alkoxide solution
concentration; or (5) changing the pH of the solution.122: 128 Upon gelation the resulting
metalloxane chain (-M-0-M-0-M-) forms covalent macromolecules which will form giant
coordination polymers with each other.12%- 131 Ope difficulty with this process is the fact
that the reaction variables: type of solvent, system dilution, order of addition of reactants,
rate of addition, rate of mixing, amount and type of catalyst (acid or base), amount of
water, reaction temperature and time, all effect the rate of the competing hydrolysis and
polymerization reactions, and these parameters are not well studied for most solutions. 13-
132 The main advantages of the sol-gel process over most precipitation reactions are that
one may obtain a material with high purity (no contaminating ions like Cl- ) and
homogeneity at a microscopic scale. This briefly covers the sol-gel process itself, now we
can discuss the preparation of the aerogel.

An inorganic hydrated oxide which is p:zcipitated or sol-gelled from a solution,
washed, and then dried in air is often obtained as a relatively porous gel and is given the
term "xcrogel".m' 130 Extracting the solvent from a wet gel under hypercritical conditions
in an autoclave yields an extremely porous material which is called, "aerogcl".lm' 117,130
Xerogels tend to have macropores while aerogels usually maintain more of a microporous
structure and develop much larger surface areas and pore volumes. This is a result of the

supercritical extraction process described below. Kistler knew that as liquid begins to

evaporate from a gel, surface tension creates concave menisci in the gels pores (see Figure




1-13).133 A evaporation continues, the menisci come into the gel body, resulting in a
contraction due to the compressive forces around the pore perimeter. The surface tension
eventually causes the collapse of the gel body, which results in a poor structure in terms of
surface area and pore volume. In order to prevent this surface tension from destroying the
gel structure, Kistler dried the gel in an autoclave. 117 118, 119 when the liquid is raised
above its critical pressure and temperature, it becomes a "supercritical” fluid in which there
is no liquid-vapor interface.!33 Without the menisci, the gel retains its structure and
original size and shape.

Kistler originally converted the solvent into the supercritical fluid to do the
extraction. His original gels were prepared primarily in aqueous environments in which the
colloidal material was dispersed in a liquid water phase. These gelled materials are termed
"aquagels” if the liquid phase is water, or "alcogels" if the liquid phase is an alcohol.124
Kistler encountered problems in trying to extract his aquagels because of the solubility of
the metal oxides at temperatures approaching the critical point of water (T¢ = 374 °C, P =
3204 psia). When the water was exchanged with a miscible alcohol such as ethanol (T¢ =
243 °C, P. = 927 psia), forming an alcogel, success was achieved in the supercritical
extraction of the alcohol.!17> 118. 119 gince Kistler's efforts in 1932, considerable effort
has been used on developing and/or refining supercritical drying technology with the goals
of scaling up the process (for commercial use), simplifying the procedure, and improving
safety aspects. Below is a brief review of these efforts and describes the evolution of the
technique used in this thesis.

For several years, workers had tried to refine Kistler's original process, but it was
not until 1968 that Nicolaon and Teichner!34: 135 reported on the preparation of inorganic
alcogels by hydrolyzing metal alkoxides using a minimum amount of water. This
technique was a major breakthrough from Kistler's work tecause it eliminated the salt

removal and solvent exchange steps; however, one drawback was that the raw materials

(alkoxides) were more expensive than the salts used in the early work. Nicolaon and
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Teichner set up an essentially water-free system by hydrolyzing silicon alkoxides with an
amount of water comresponding from one to five times the stoichiometric requircment.l“'
135 They also investigated volume ratios of alkoxide to alcohol and determined that 10%
gave the best results; in fact, this is roughly the same ratio used in the synthesis of gels
prepared in this thesis. The resulting gels were extracted in an autoclave at temperatures
and pressures above their critical values. The solvent vapor was evacuated and the
autoclave was then flushed with an inert gas to rid all traces of alcohol vapors. This
process took only approximately half a day versus the "few weeks" needed in Kistler's
original process. This work was extended to the preparation of other inorganic bulk oxides
such as alumina, titania, zirconia, as well as mixed oxides of zirconia/magnesia.24 The
aerogel oxides exhibited unusually high surface areas and pore volumes as compared to
their conventional xerogel counterparts.

The next significant improvement was not noted until 1985 by Tewari et al.136,137
This work centered around the same procedure as used by Teichner et al.24, 134, 135,
however, before extracting the alcogel, the alcohol in the gel pores was replaced by liquid
carbon dioxide. This process was motivated by the fact that CO2 has a much lower critical
temperature and pressure (Tc = 31.1 °C, P¢ = 1073 psia) than the standard solvent of
methanol (T¢ = 240 °C, P = 1155 psia). The incentive for the lowering of these
parameters by choosing CO» as the supercritical solvent is obvious from both an economic
as well as a safety viewpoint. This work was a precursor for the ensuing research to
follow, as well as the technique used in this thesis.

The next major contribution in the synthesis of inorganic oxide aerogels was
developed by Iacobucci et al. in 1986 at the Stauffer Chemical Company.lls This work
discussed the semi-continuous supercritical carbon dioxide extraction procedure for
preparing aerogel powders. The process begins with the preparation of a gel through the

1,24, 134, 135, 138

sol-gel process similar to that of Teichner et a The resulting alcogel

(prepared using an organic solvent, water for the hydrolysis/condensation reactions, and
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catalyst for above reactions) is ready for the supercritical extraction step. A schematic of
the apparatus is shown later in Figure 2-2. The CO; compressor delivers CO» at
approximately 3500 psig to the extraction vessel which is heated to maintain a temperature
above 40 °C. The COz passes through the gel, thus extracting the alcohol. The pressure of
the CO2/alcohol exiting stream, which has a single supercritical phase, is reduced to
atmospheric across the micro-metering valve, which results in the formation of liquid
alcohol and COz in the gas phase. This mixture is subsequently separated in the separator
vessel, with the flowrate of CO7 being monitored downstream by a rotameter. The alcogel
is supercritically extracted at a desired pressure of approximately 3500 psig with a constant
flow of CO3y, until no further alcohol is observed to be extracted from the separator vessel.
After the extraction, the alcogel is dried at a temperature of 80 - 100 °C to remove surface
water. As prepared, the metal oxide aerogels were white fluffy powde,rs.l 15,124

Using supercritical CO, as the extraction fluid in the extraction of alcohol from the
alcogel is advantageous for a number of reasons. Carbon dioxide is inert to metal oxides, it
is a good solvent for low molecular weight alcohols, it has a much lower critical pressure
and temperature than alcohols, it is nonflammable, and it is relatively inexpensive.
Iacobucci et al. mentioned that it is important to maintain the density of the supercritical
CO3 at about the same value as the density of the solvent being removed, since a small
difference minimizes the surface tension acting on the walls and preserves a product with
maximum surface area.!1’ By varying the temperature and pressure in the extraction step,
it is possible to vary the pore size and surface area of the resulting aerogels as shown in
Figure 1-14.1%% In this research an intermediate pressure (~ 3000 psig) was used because
high surface areas were produced with this pressure as shown previously, and also safety
reasons prevented the use of higher pressures.

Silica and alumina aerogels have been shown to be quite stable to high temperature

heat treatments.2* 118 Also, typical results on heating from 500 °C to 1000 °C, showed

that aerogels suffer area reductions of about 20%, while a xerogel suffers a corresponding
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7" This stability is generally thought to arise from the rigid

reduction of around 65%.
polymeric n-twork that is maintained after the supercritical extraction.!!8 It has recently
been shown that mixed oxide aerogels can be prepared in very much the same fashion as
the single oxide aerogels, since the sol-gel process allows practically any multicomponent
material to be produced as long as the alkoxide precursors are soluble in an alcoholic

solvem.zz' 24,108, 112, 113, 115, 131 Better textural characteristics were also found for the

mixed aerogels as compared with those of pure oxide aerogels.z“

1.5.1 Aerogels as Catalysts

The very high surface areas and pore volumes of aerogels make them suitable
candidates for catalysts and catalyst supports. Kistler had mentioned in his early work in
the 1930's the possible applications of aerogels as catalysts.] 17.118 | was not until nearly
50 years later that their viability as catalysts or supports has actually taken hold. % 115. 125,
138, 139 Reasons for such a delay can only be explained by the great difficulty in first
preparing these materials; however, current techniques as reviewed above make the
synthesis of aerogels much easier.

One example of the use of a supported oxide aerogel is that for silica aerogel
supported iron oxide (Fe203-SiO3) and alumina aerogel supported iron oxide (Fe203-
A1203).139 These binary oxides are important catalysts for the Fisher-Tropsch process
which is based on the hydrogenation of carbon monoxide over a reduced iron catalyst and
yields a broad range of hydrocarbons from methane to gasoline and diesel oil fractions.
These catalysts are even more important currently because of the search for secondary
energy sources and the need to be self-sufficient in fuel. It was shown that iron oxide
supported on silica or alumina aerogels exhibited activities for the above reaction two to
three orders of magnitude greater than a conventionally reduced iron oxide catalyst on a per

mass basis.3? Also, the aerogel catalysts do not deactivate with time on stream. A

palladium on alumina aerogel catalyst was also shown by Armor et al.12 (o be effective in




promoting the hydrogenation of nitrobenzene to aniline. These examples show the viability
of aerogels to the current research of oxide catalysts. The next sections will discuss solid

acids in general as well as the current theories of acidity.
1.6 Acid Strength and Acidity

Solid acids have been extensively used and studied as catalysts or catalyst carriers
in the petroleum industry and organic syntheses for the past 50 years. Currently, acid
catalyzed reactions are by far the most commercially important and include a wide range of
reactions such as catalytic cracking, polymerization, alkylation, and isomerization. % 140
The use of solid acid catalysts provides the following advantages compared with the use of
liquid acid catalysts:1

® High catalytic activity and selectivity are frequently observed;

¢ Corrosion in reactor vessels is minimal;

® Repeated use of the catalyst is possible;

® Separation of solid acid catalyst from reaction mixture is easy;
¢ Disposal of spent catalyst offers no environmental problems.

The importance of solid acids as catalysts has caused an extensive study of the acidic
properties on catalyst surfaces, the structure of acid sites, and their catalytic action. For
example, Rodenas et al. studied the surface and catalytic properties of TiO2/Al203 and
proposed hypotheses as to the structure of the acid sites.14! Even more recently has it been
found that niobia is a strong solid acid with a very high activity and selectivity in ethylene
hydration as well as many other reactions. 142 143.144, 145 The study undertaken has also
focused mainly on the acidic and catalytic properties of the materials and the nature of the
surface acid sites.

A solid acid may be understood in simple terms as a solid which changes the color

of a basic indicator, or as a solid on which a base is chemically adsorbed. More
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specifically there are two types of acid sites found on solid acids. Brgnsted acid sites have
tendencies to donate protons, while Lewis acid sites accept electron pairs. The distinction
between the two sites is important because the catalytic and acidic properties of these acid
sites can be very different.

The properties of a solid acid can be described by the distribution of its acid
strengths and acidity for each type of acid on the surface, Brgnsted or Lewis. Walling
defined the acid strength of a solid surface as the ability of the surface to convert an
adsorbed neutral base to its conjugate acid.1*® The weaker the base, the stronger the acid
must be to adsorb it. The number of acid sites on a solid surface (loosely referred to as
acidity) is usually expressed in millimoles of acid sites per unit weight or surface area of the
solid, and is obtained by measuring the amount of base which is required to neutralize the
solid acid." "7 In this research, the acidity of these materials was measured by n-
butylamine titration with Hammett indicators following the procedure of Benesi.!*® To
fully characterize a solid acid, the distribution of acid strengths and acidity for each type of

acid sites, Bronsted and Lewis, must be known.2

1.7 Models of Acidity in Mixed Oxides

Most binary oxides are known to have surface acidities that are greater than the sum
of the single component oxides which make up the chemical mixture. This generation of or
synergistic effect in acidity can be explained in terms of Pauling's electrostatic valence
rule.}? This rule states that the local charge imbalances that result from the mixing of the
oxides, are the reason that acidity develops in the mixture. Publications by Tanabe, Kung,
and Seiyama have proposed predictive models for the formation of acid sites and acid types
in mixed oxides which are extensions of Pauling's rule.l: 130: 151 1¢ i obvious that acidity
can be predicted theoretically if the structure of the binary oxide is known. The structure

determines the local coordination numbers and valences for the metal and oxygen ions and
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thus the electrostatic charge distribution. Once one imposes bonding rules, the presence or

absence of acidity can be predicted. These models will be separately discussed for clarity.

1.7.1 Tanabe's Model

Tanabe et al. developed a model which predicts what kinds of binary oxides will

1 The acidity

form acid sites and whether they will be of the Brgnsted or Lewis type.
generation is caused by an excess of positive or negative charge in a model binary oxide
structure. Excessive positive charge will produce Lewis acids through the creation of
electron pair acceptor sites. Excessive negative charge will generate Brgnsted acids

through the association of protons with oxygens to neutralize the electronic charges.

Tanabe's model structure has the following constraints:

® The coordination numbers (and valences) of both the major metal ion and minor
metal ion components are maintained even when mixed.

® The coordination number (and valence) for the oxygen ion of the major metal ion
component is retained for all the oxygen ions in the binary oxide.

Even with the above restrictions, Tanabe's hypothesis correctly predicted acidity generation
in 90% of the chemically mixed oxides studied.!

An example of the application of this theory is demonstrated for the Nb,Os/A1,03
mixed oxides. In pure niobia, the coordination numbers for oxygen and niobium are 2.4
and 6, respectively. In alumina, the coordination numbers for oxygen and aluminum are 4
and 6, rt:spe,ctivc:ly.]0 The charge distribution from each metal ion to the surrounding
oxygens is assumed to be even and is thus equal to the total charge of the metal ion divided
by its coordination number. Figures 1-15(A) and 1-15(B) show the cases when NbyOs is
the major oxide, and when Al2O3 is the major oxide respectively. In the NbyOs-rich
environment, the three positive charges of aluminum are distributed to the 6 bonds, while
the two negative charges of the oxygen atom are distributed to 2.4 bonds. Therefore, the

charge difference at one bond is given by (+3 / 6) + (-2 / 2.4) = -0.33, and accounting for
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Figure 1-15: TANABE'S ACIDITY MODEL FOR Nb2Os/A1,03

A) Nb20s5 is the Major Oxide:
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Total Charge Difference Per Unit:  (-0.33) x 6 =-2.0

B) Al203 is the Major Oxide:
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Charge Difference Between Nb - O:  (+5/6) + (-2/4) = +0.33
Total Charge Difference Per Unit:  (+0.33) x 6 = +2.0




all bonds gives (-0.33) x 6 = -2.0 in excess. This excess of negative charge should result
in Brensted acidity, because protons are considered to associate with the oxygens in order
to maintain charge neutrality. In the Al203-rich environment, the five positive charges of
the niobium atom are distributed to 6 bonds, while the two negative charges of the oxygen
atom are distributed to 4 bonds. Therefore, the charge difference for each bond is (+5/ 6)
+ (-2 / 4) = +0.33, and accounting for all 6 bonds gives (+0.33) x 6 = +2.0 in excess. In
this case, the large excess of positive charge should result in Lewis acidity. As will be
shown later, this NbpOs/Al203 mixed oxide did indeed exhibit a very high acidity and acid

strength, as well as Lewis acidity in particular.

1.7.2 Kung's Model

Kung has recently developed a predictive model for the acidity in dilute binary
oxides by examining the effects of substituting a cation A into the matrix of an oxide
BOZ.150 The first effect deals with the substitutional A cation, and results from a different
electrostatic potential for the A cation in the BOz oxide matrix from that found for A in its
pure oxide, AOy. When a substituted cation experiences a more negative potential than is
found in its own lattice, the cation will become more electron deficient in its own matrix.
Hence, it will be more likely to accept electrons and act as a Lewis acid. When thereis a
relatively positive potential surrounding the substituting ion, Kung's model predicts no
local acidity.

The second effect deals with the differences in formal oxidation states between the
substituting and the major oxide component cations. This difference in cation oxidation
states creates charge imbalances in the mixed oxide matrix and in order to achieve
neutrality, defects are created which can result in acidity. The substituting cation is
assumed to have the same coordination number as the major component. When the
oxidation state of A is less than that of B (Y<Z), a net negative charge results, and in order

to balance this excess charge, a proton may be adsorbed onto an oxygen to form a Brgnsted
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acid. When the oxidation state of A is greater than that of B (Y>Z) a positive charge results
which can be balanced by a cation vacancy, thus a Lewis acid site may be formed because
cation vacancies are electron deficient.

When Kung's model is applied to the NbyOs/Al203 system, Brgnsted acidity is
predicted in the matrix when niobia is the major oxide and Lewis acidity is possible at the
alumina sites; however, Lewis acidity is predicted in the matrix when alumina is the major
oxide (see Table 1-1). These predictions match almost identically with those of Tanabe's
except that Lewis acidity is possible as well as Brgnsted acidity when niobia is the major
component. Kung's model also does equally well as Tanabe's at predicting acidity in other
oxide systems. This is really not a surprise since both are based on Pauling’s electrostatic
valence rule. One downfall of Kung's model is that it is only applicable in the limit of
dilute solution when substituting ions are far apart for the approximation of electrostatic

potentials.

Table 1-1: KUNG'S ACIDITY MODEL FOR NbyOs/Al1203

Type of Acid Site

Matrix Oxide Substituting Oxide At Substituting In
BOz AOy CASE Ion Matrix
NbO3 5 AlO; 5 Y<Z Lewis Bregnsted

(maybe Lewis)

AlOi 5 NbO2 5 Y>Z None maybe Lewis

1.7.3 Seiyama's Model
Seiyama has presented a slightly different model for the generation of acidity in
binary mixed oxides.!?! He assumed that acid sites form at the boundaries where two

oxides come into contact. The assumptions he made are listed below:
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® The coordination numbers (and valences) of each metal ion are maintained as that
of the pure oxide.

® The coordination number (and valence) of each oxygen atom depends on the type
of metal ion that oxygen is associated with. If the oxygen is associated with a
single metal ion, it retains the coordination number found in that metal oxide. If
oxygen 1is shared between different metal ions, then its coordination number is 2
(it must be on a phase boundary). See Figure 1-16.

Figure 1-16 SEIYAMA'S MODEL FOR ACIDITY GENERATION

] |/ | |/
o— © —0— O
I
| I A=-067 |/l
— O e——— Nb o] Al — O —
I |
O — I —_— O -
| 7 I
/| /|
charge difference: [(+5)/6 + (+3)/6)- 2 = -0.67

The NbyOs5/A1,03 mixed oxide will contain an excessive negative charge of -0.67. The
+5/6 charge of Nb and +3/6 charge of Al are distributed to the boundary oxygen which has
2 negative charges; therefore, the charge difference around the oxygen becomes -0.67, and
Brgnsted acidity is expected. This theory is limited to cases where phase boundaries
comprise a large percentage of the binary oxide, while Tanabe's model can be applied to all
amorphous binary oxides.

All three of the models mentioned above have their limitations. These models do
not directly apply to surface properties; however, they do predict acidity from the bulk
structures. Also, the assumptions made in the models in defining the structure are greatly
simplified. There may be strains in the oxide lattices when a metal cation substitution takes
place that may not allow configurations defined by Kung and Tanabe. These models work

well, although they are simple, to offer a fundamental understanding of acidity.
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1.8 Models of Acidity in Supported Oxides

1.8.1 Connell and Dumesic's Models

Connell and Dumesic's model is used to predict Lewis acid sites in the limit of
dilute binary oxides where the major component controls the oxide structure and the dopant
surface concentration controls the number of acid sites. 1 They used silica as the major
oxide component and a variety of dopant cations for their study on Lewis acid generation.
This model as well as all of the previous ones mentioned was based on Pauling's

electrostatic valence rule. This model is subject to the following constraints:

® The local structure for the major component (oxide) is not dramatically altered by
the addition of a minor component (oxide). The coordination numbers (and
valences) of the major component metal ions and all oxygen ions are retained
from those of the pure major component.

® The valence of the substituting metal ion is retained from that of the pure oxide.

® The doping cation can not easily form a solid solution or a crystalline mixed
oxide, and also the doping cation must be bonded to the host oxide sufficiently
strongly so that it does not sinter into particles of its own oxide.

¢ The host oxide must be acidic or at least not strongly basic.

The proposed model for Lewis acidity that gives the criterion for the existence of
coordinatively unsaturated cations on the surface is as follows. One merely calculates the
number of bonds required by the dopant cation to be electrically neutral in the host oxide.
If this number is less than 4, Lewis acidity is predicted for the dopant cations that are on the
surface of the oxide.!? Thus, for example, oxygen has a coordination number of two in
silica. The charge transfer along each cation to anion bond according to Pauling's rule is
2/2 or 1. Therefore, for a +2 cation on the silica surface, two bonds are required for charge
neutrality, and this sample would be predicted to have Lewis acidity. For a +5 cation, such
as Nb*3, the number of bonds increases to five, and this material would not be predicted to
have Lewis acidity, in contrast to what has been found.88 This model does not predict

Lewis acid strengths, but only predicts the existence of Lewis acids. Also, it merely states
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that the probability of forming acid sites becomes greater as the predicted coordination
number decreases.!® This model only involves valence and coordination numbers of the
metal cations on the silica surface, in accord with Pauling's electrostatic bond strength
rules. Despite the simplicity of this model, it successfully predicted that all seven singly
supported oxides studied by their group would generate Lewis acidity.” The predicted
generation of Brgnsted acid sites for supported oxides on silica was the subject of a second
model. This model predicts ionic Brgnsted acid sites only for +3 cations occupying a
tetrahedral site on the surface of silica.!! Pauling's electrostatic bonding model predicts the
generation of a -1 charge with this structure, which might be balanced (for charge
neutrality) by a proton, thus creating a Bronsted acid site. The model works well for the
systems they studied and also for systems where the cation is easily incorporated into the
tetrahedral structure as a result of its charge, size, and bonding characteristics.!! However,
many supported oxide systems can not meet these requirements and acidity is incorrectly
predicted not to occur. Kataoka and Dumesic addressed these issues in another model

designed to better predict Brgnsted acidity.

1.8.2 Kataoka and Dumesic's Model

The model by Kataoka and Dumesic is developed around the fact that it is the
coordinatively undersaturated oxygens in oxides which serve as Brgnsted acid sites. 132
The authors applied the concepts developed in Pauling'’s electrostatic bonding rule to locate
oxygens that would fall into a certain range of vndersaturation, in terms of Pauling's
valence units (v.u.) or electron charges. Oxygens which fall in the range of
undersaturation of 0.1 to 0.4 v.u. can serve as Brgnsted acid sites. Their model will be
illustrated for silica-supported alumina, in which the coordination number of Al is 4. For
alumina in this coordination, the valence units per bond is equal to +3 cation charge divided

by 4, or 0.75. For silica the valence units per bond are +4/4, or 1. Thus, with this model

a Al-O-Si bond will have an undersaturation of -{+] (silica) + 0.75 (alumina) + (-2)
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(oxygen)] = 0.25. Their model states that an undersaturated oxygen in the range of 0.1 to
0.4 will act as a Brgnsted site, and thus predicts that a hydrogen atom will bond with the
oxygen on a Al-O-Si bond to become a Brgnsted acid site. Also, hydrogen at the terminal
hydroxyl groups, Al-O-H, will be undersaturated with a valence unit undersaturation of -(-
2 + 0.75) = 1.25, hence these hydrogens will be strongly bonded to the oxygens in this
arrangement. This model was extended and used to analyze the undersaturation of oxygens
in pure oxides, vanadia and molybdena in particular. From their calculations and
experimental findings, they attributed the origins of Brgnsted acidity in both of these pure

bulk oxides to the undersaturated oxygen-metal double bonds.

1.8.3 Burke's Model

The model by Burke is developed with the aid of Pauling's electrostatic bond
rules.88 It allows the incorporation of doubly bonded oxygens and predicts enhanced
Lewis acidity for dispersed oxides on silica. Unlike Connell and Dumesic's model, which
predicts Lewis acidity if the coordination number of the cation is less than 4, Burke's
model is used for supported oxide systems of coordination numbers greater than 488
Basically, his model states that enhanced Lewis acidity is predicted if the pure oxide already
has Lewis acidity and its structure is distorted by the supporting oxide, which is almost
always the case if the oxide is dispersed evenly at a coverage of a monolayer or less. The
reason behind this model is that the distorted structure of the supported oxide creates a
more accessible cation. In accord with the other models discussed, certain guidelines must
be followed. In addition, certain rules are issued which help screen for unrealistic

structures:58

® Coordination numbers of the supported cations are even, as is required for most
stable bonding environments.
® Coordination numbers of the supported oxide is never greater than the valence of

the cation + 1 (not applicable to complex surface structures, which are not
considered disperse). This criterion accounts for charge neutrality as prescribed
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by Pauling's rules, unrealistic separation of charge, and unrealistic oxygen
bonding.

® No change in coordination number of the supported oxide cation can occur with
proton donation (Brgnsted acid) as such a complicated process is unlikely.

® The number of surface linkages per supported oxide cation must be at least 1 and
not greater than 3, for geometric reasons.

The appearance of Lewis acidity for supported transition metal oxides of coordination 4 or
higher which have intrinsic acidity (Nb, Ta, Cr, Mo, and W) is predicted as likely, and is
predicted as possible for amphoteric oxides (Ti, Zr, Al, V, Co0).133 An example of this
model will be given for a +6 supported cation with coordination 4 (see Figure 1-17).
Hydroxyl groups and silica linkages each provide a formal charge of -1 to the cation, while
doubly bonded oxygens supply -2. To satisfy charge neutrality the system must have 2
doubly bonded oxygens and either 2 silica linkages or one silica linkage and one hydroxyl
group. With a coordination of 4, the cation should be accessible and function as a Lewis
acid. The second figure which has a hydroxyl group adjacent to 2 doubly bonded oxygens
should be a strong Brensted acid, as outlined by Bernholc et al.12 This Bronsted acidity
comes about because the doubly bonded oxygens act to distribute the negative charge
associated with the donation of a proton from the hydroxyl group. The number of surface
linkages can vary from 1 to 3 without significant changes in structure other than the
distortions in the supported oxide species, and the electron withdrawing effects of the silica
support increase with more surface linkages. The larger the number of surface bonds, the
greater the possible enhancement in Lewis acidity, i.e. the more distortion that is possible.

This model can be applied to the current system being studied, i.e. supported niobia
binary oxides. It is proposed that at low coverages, 0.25 and 0.50 monolayers, niobia on
silica predominantly contains niobium in a tetrahedral environment.80: 84.88.90.93 prop,
Burke's model, for a +5 cation with a coordination number of 4, enhanced Lewis acidity is
expected and Brgnsted acidity should result due to the doubly bonded oxygen adjacent to
the hydroxyl [see Figure 1-18(A)]. This is exactly what was found experimentally.s“' 88

For niobia on alumina at low coverages, it is also proposed that the niobium cations are
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Figure 1-17: POSSIBLE STRUCTURES FOR A +6 CATION HAVING A
COORDINATION NUMBER OF 4
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Figure 1-18: A) POSSIBLE STRUCTURE FOR NIOBIA ON SILICA (BRONSTED
ACIDITY) AND B) POSSIBLE STRUCTURE FOR NIOBIA ON
ALUMINA (ENHANCED LEWIS ACIDITY)
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predominantly in a tetrahedral environment.89-92.93 For a +5 cation with a coordination
number of 4, enhanced Lewis acidity is predicted as explained above. This sample has
indeed been found to possess only Lewis acidity at these low coverages with no Brgnsted
acidity. Thus, no terminal OH groups are in this structure which must lead to three Nb-O-
Al bonds anchoring this niobia species to the alumina surface as shown in Figure 1-18(B).
This structure should lead to even greater enhancement of Lewis acidity, because of the

extra distortion involved in the extra surface linkages.
1.9 Summary

The goal of this thesis is to examine the mixed and supported binary oxide systems
containing niobia. This work will explore how the structures of the binary oxides affect the
chemical properties of these materials. The first part of the thesis concentrates particularly
on the structure/property relationships of niobia. The preparation of niobia aerogels and
their properties as a function of changing niobium cation environment are closely monitored
and compared to those of more conventionally prepared niobia. This is the focus of
Chapter 3. With this basic understanding of niobia, the chemical/physical properties and
structures of binary oxides are examined for two different oxides as the major component,
silica and alumina. The mixed oxide aerogels of niobia/silica and niobia/alumina are
compared to their more conventionally prepared counterparts. Their physical properties
were closely examined as a function of structure by inducing crystallization or compound
formation with different heat treatments, and are discussed in Chapter 4. Various probe
molecules were also used to determine acid strength, acidity, and distribution of acid sites
for the binary oxides. Chapter 5 discusses the silica or alumina aerogel supported niobia
binary oxides. These materials were investigated to determine the level of dispersion in
these oxides and to monitor how the structure of the surface phase oxide evolves with

increasing coverage of niobia. These various structural modifications were also studied as




a function of temperature and correlated to their physico-chemical properties. Chapter 6
discusses the proposed structures of these two binary oxide systems and attempts to bridge
the gap in the understanding of these materials that will lead to further development of
catalysts through a better understanding of oxide-oxide interactions. Thus, this thesis will
offer a unique perspective on the role and evolution of structure and how this structure in
turn relates to the key physical and chemical properties in binary oxide aerogels containing

niobia.
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Chapter 2

EXPERIMENTAL

This chapter deals with the procedures and experimental equipment used to carry
out the research presented in this thesis. The first part of this chapter concentrates on the
preparation of the oxide catalysts. The second part presents an overview of the
experimental techniques and procedures used to characterize the structures and chemical

properties of these oxides.

2.1 Preparation of Bulk Oxide Aerogels

The synthesis of aerogels was undertaken for the bulk oxides of NbyOs, SiO2, and
Al203. Whatever the desired material, there are generally two major steps that must be
accomplished in order to produce a good aerogel. First, one must be able to hydrolyze the
appropriate precursor to a sol which then forms a gel, and second, one must supercritically
extract the solvent-ladened gel. Figure 2-1 shows the various steps in a typical sol-gel
process with inorganic metal alkoxides as precursors. Even though the same procedure can
be used to prepare single and binary component oxides, the process parameters necessary
to gel these materials are often different and need to be established empirically. The

preparations for single oxide aerogels will be discussed in this section.




Figure 2-1: THE SOL-GEL PROCESS SHOWN FOR A TWO-COMPONENT SYSTEM
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2.1.1 Niobia Aerogel

Niobia aerogels were prepared by dissolving the precursor, niobium(V) ethoxide
[Nb(OC2Hs)s, Alfa], in either s-butyl alcohol (99+% anhydrous, Aldrich) or methyl
alcohol (99.9% anhydrous, Fisher). This solution was then quickly added to a well mixed
solution of s-butyl alcohol or methy! alcohol, respectively, doubly deionized water (enough
added to insure complete molar stoichiometric hydrolysis), and nitric acid (70%, Fisher) to
catalyze the hydrolysis and condensation reactions.!* The resulting solution gelled within
a range of seconds to minutes depending on the concentrations and conditions used. See
Table 2-1 for the exact procedure and conditions used in the niobia sol-gel process. Initial
estimates for the gelation conditions were derived on the basis of literature data.1??

Once the niobia gel had been prepared, the second major step was to supercritically
extract the solvent from the gelled mass in a standard autoclave (Autoclave Engineers,
model #08U-06-60FS).}3% A schematic for this apparatus is shown in Figure 2-2.
Basically, the solvent-ladened gel was placed in the extractor vessel and contacted by CO2
(with syphon tube, Airco) above its critical temperature and pressure (T¢ = 31 °C, P¢ =
1070 psi).155 This supercritical fluid was then allowed to flow through the sample until the
solvent was no longer being extracted with the supercritical CO2. This was determined by
the lack of collection (over a 30 minute period) of the alcohol phase from the separator
vessel. The extractor vessel temperature used was 70 °C and the pressure was 3000 psi,
both well above the critical values for CO;. The CO; flowrate through the system was
0.05 SCFM. The normal duration of the extraction process was approximately 3 hours to
insure that no alcohol or excess water was contained in the niobia aerogel. After the
extraction was complete, the unit was depressurized isothermally at approximately 100
psi/min while maintaining the temperature (70 °C) above the critical value for the CO».
This was done to insure that the supercritical fluid would change over to a gas in the solid
matrix and not a liquid, so as to avoid any vapor-liquid interfaces in the oxide aerogel

which may possibly collapse the network. The resulting inorganic material produced was a
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Table 2-1: EXPERIMENTAL PROCEDURE AND CONDITIONS FOR NIOBIA
AEROGEL AND XEROGEL SYNTHESIS

NIOBIA GELATION CONDITIONS: [Nb(OCzHs)s]

Molar Ratios
0.5 10.0 0.8 Gelled upon addition
of H2O and HNO3

PROCESS \ \ \

DISSOLUTION 1. Add required amount of niobium (V) ethoxide to 25 ml of
s-BuOH or MeOH

2. Add required amount of deionized HO and HNO3 to
a second 25 ml of s-BuOH or MeOH

3. Stir both beakers for 10 minutes to homogenize

REACTION 1. Let both beakers stir under constant mechanical agitation
2. Add acidified water/alcohol to niobia solution (niobia sol)
3. Let hydrolyze and polymerize over time

AGING 1. Allow to set into firm gel that will not flow
2. Typical setting times are on the order of 1 hour

DRYING 1. Supercritically extract using CO at T=70 °C,
P=3000 psi, F=0.05 SCFM for 3 hours (Aerogel)

2. OR Heat in vacuum oven for 3 hours at 110 °C (Xerogel)

CALCINING 1. Hcat in N2 (300 cc/unin) at 400 °C for 2 hours
2. Heat in O3 (300 cc/min) at 500 °C for 2 hours
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solid, dry, extremely light and granular material that was easily sifted into a mesh size
>100. This material was then subjected to the standard calcination procedure which
consisted of heating the niobia aerogel in N2 (300 cc/min) at 400 °C for 2 hours to
decompose any impurities that may be present, and then calcined in O2 (300 cc/min) at 500
°C for 2 hours to fully oxidize the sample. The resulting oxide was cooled to room
temperature, with no hold at 500 °C, under a reduced O3 flow (50 cc/min), and then placed
in vials, labelled, and stored in a dessicator for future experiments. These niobia aerogel
samples are denoted as A-NbyOs (see Table 2-2 for nomenclature).

Two other conventional Nb2Os samples were prepared for comparison with the
aerogel. A precipitated sample, denoted as P-NbyOs, was made by adding ammonium
hydroxide (28 wt.% NH3, Fisher) dropwise to a methanolic solution of niobium(V)
ethoxide. The precipitate was washed and filtered to remove any impurities. The resulting
filter cake was dried in a vacuum oven at 110 °C for 3 hours (see Table 2-3 for procedure).
A xerogel, denoted as X-NbyOs, was made by bypassing the supercritical extraction step in
the synthesis of the aerogel. This gel was dried by heating in a vacuum oven at 110 °C for
3 hours (see Table 2-1 for procedure). Both of these materials, P-NbyOs and X-NbyOs,
were ground to a mesh >100 and subjected to the standard calcination procedure as

mentioned above.

2.1.2 Silica Aerogel

Silica prepared by the sol-gel technique, is one of the most widely studied gelation
reactions. 15 16, 24, 115, 117119, 124, 134,135, 137,139,156 14 clow rate of polymerization
makes it amenable to kiretic study, and it is easily gelled by either of three mechanisms:
acid catalyzed condensation, base catalyzed condensation, or a 2-step acid-base catalyzed
reaction.'®: 156 This work used the last mechanism for its flexibility in establishing

gelation times and rates. The silica precursor, Si(OC2Hs)s (Aldrich), was initially

dissolved in sec-butyl alcohol. This solution was then added slowly to a well-stirred
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Table 2-2: NOMENCLATURE USED TO DESCRIBE SYNTHESIZED BULK

OXIDES
BULK OXIDES

N . D ..
A-NbyOs Aerogel-Bulk Niobia
X-Nb20Os Xerogel-Bulk Niobia
P-Nb2Os Precipitated-Bulk Niobia
A-SiOp Aerogel-Bulk Silica
X-8i10; Xerogel-Bulk Silica

A-AlLOs Aerogel-Bulk Alumina
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Table 2-3: EXPERIMENTAL PROCEDURE FOR PRECIPITATED NIOBIA

PROCESS

DISSOLUTION

REACTION

FILTERING

WASHING

-

DRYING

CALCINING

STEPS AND CONDITIONS OF PROCEDURE

. Add 75 grams niobium (V) ethoxide to 2000 m! MeOH
. Stir for 10 minutes to homogenize

. Let beaker stir under constant mechanical agitation
. Add NH40H dropwize until solution pH=7
. Let precipitate settle overnight

. Decant excess methanol
. Use mechanical pump to aid in filter process

. Wash with deionized water
. Agitate filter cake until a homogeneous solution

results and repeat filter process 4 - 5 times

. Heat in vacuum oven for 3 hrs at 110 °C

. Heat in N3 (300 cc/min) at 400 °C for 2 hours
. Heat in O3 (300 cc/min) at 500 °C for 2 hours
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mixture of sec-butyl alcohol, doubly deionized water (enough added for complete molar
stoichiometric hydrolysis to occur), and a catalytic amount of acid, HNO3, to promote the
hydrolysis reactions. Note that without the addition of HNO3 in this step, a gel would
form, but it would require a longer time (~ 3 months). Then NH4OH ( ~ 1.4 ml) was
added to this well mixed solution until a neutral pH of 7 was reached - resulting in a gelled
material that could not be stirred (see Table 2-4).157' 158 1t was at this point (pH = 7)
where the condensation reactions proceeded the fastest and thus gelled the silica in a shorter
time (~ 10 minutes).!6 130: 156 Taple 2-4 gives the exact conditions and concentrations
used in the synthesis.

Next as with the niobia aerogel, the solvent was extracted supercritically from the
rubbery silica gel. The extraction temperature (T = 70 °C), pressure (P = 3000 psi), and
flowrate (F = 0.05 SCFM) for silica aerogels were identical to those for the niobia
aerogels. The extraction process took about 2 hours to completely remove all liquid from
the gel network, and the resulting dry inorganic solid that emerged was a light (slight bluish
tint), granular material that was easily ground into a mesh >100. The silica aerogel was

calcined in a similar fashion as above.

2.1.3 Alumina Aerogel

The preparation of alumina gels can proceed by a number of methods, most of
which are as well known as those used in preparing silica. 2 117:159. 160 within the past
twenty years a very promising new procedure, pioneered by Yoldas, has emerged that
makes it possible to obtain clear homogeneous gcls.zo' 21,22, 23, 161 This method
basically consisted of hydrolyzing an aluminum alkoxide, AI(OR)3, normally aluminum
sec-butoxide, in a large excess of water at 80 - 100 °C, resulting in the precipitation of
fibrillar boehmite, which was then followed by peptization with HNO3, yielding a stable
particulate sol. Gelation was achieved by concentration of the sol by cvaporation.21 These

materials, however, tend to have low surface areas. Thus, the method employed in this
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Table 2-4: EXPERIMENTAL PROCEDURE AND CONDITIONS FOR SILICA
AEROGEL AND XEROGEL SYNTHESIS

SILICA GELATION CONDITIONS: [Si(OC2Hs)4]

Molar Ratios

Si4* (mmole Si/50 ml s-BuOH) Hp0/5i4+  HNQy/Sid+ Result

1.0

4.0 0.15 Gelled upon addition
of NH4OH

PROCESS

DISSOLUTION

HYDROLYSIS

CONDENSATION

AGING

DRYING

CALCINING

STEPS AND CONDITIONS OF PROCEDURE

1. Add required amount of Si(OC3Hjs)4 to 30 ml s-butanol

2. Add required amount of deionized H>0 and HNO3
to another 20 ml s-butanol

3. Let both solutions stir separately to homogenize

1. Mix the two solutions to start hydrolysis reactions
2. Allow 10 minutes to equilibrate

1. Add NH40H to polymerize silica sol
2. Add until solution pH is 7

1. Allow sol to continue stirring while gellation occurs
(typically ~ 5 min)
2. Set aside to form visco-elastic gel (typically ~ 1 hour)

1. Supercritically extract using CO2 at T=70 °C,
P=3000 psi, F=0.05 SCFM for 2 hours (Aerogel)

2. OR Heat in vacuum oven for 3 hours at 110 °C (Xerogel)

1. Heat in N3 (300 cc/min) at 400 °C for 2 hours
2. Heat in O3 (300 cc/min) at 500 °C for 2 hours
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research was that of Teichner. 2 120160 The alumina precursor, Al(OC4Ho)3 (Alfa), was
dissolved in sec-butyl alcohol. This solution was added very slowly to a well mixed
amount of sec-butanol, doubly deionized water (enough added for complete molar
stoichiometric hydrolysis to occur), and a catalytic amount of acid, HNO3, to promote the
condensation reactions. This procedure resulted in the formation of a soft gel. See Table
2-5 for exact conditions of the gelation parameters.

Next, this gel was supercritically extracted in a similar fashion to the other
synthesized aerogels. The extraction temperature (150 °C) was higher than in other runs in
order to facilitate the extraction process. The length of the extraction run was extended to 3
and sometimes even 4 hours to insure all liquid had been extracted. The time for the
extraction was longer because of the difficulty in extracting the alumina gel and also to
insure that the resulting aerogel was completely dry. The resulting dry white powdery
solid was easily ground to a mesh >100. This alumina aerogel was then subjected to the

standard calcination procedure.

2.2 Preparation of Binary Oxides

A binary oxide is an oxide resulting from the combination of two pure oxides.
There are two primary ways of combining two different oxides: first, mixing the two
oxides in the bulk resulting in a homogeneous mixed oxide, and second, grafting the
second oxide onto the surface of a supporting oxide. The next few sections describe the

procedure used to synthesize these materials.

2.2.1 Niobia/Silica and Niobia/Alumina Mixed Oxide Aerogels
The precursors used to prepare the mixed oxide aerogels were the same materials
used in preparing the individual bulk oxides. The two mixed oxide aerogels will be

separately discussed since they were synthesized in slightly different fashions.
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Table 2-5: EXPERIMENTAL PROCEDURE AND CONDITIONS FOR ALUMINA
AEROGEL SYNTHESIS

ALUMINA GELATION CONDITIONS: [Al-s-(OC4H9)3]

Molar Ratio
AlX+ e AISQmls-BuOH)  HpQ/AI¥*  HNO3yAlH Result
3.0 0.04 Gelled upon addition

of Al-s-(OC4Hg)3

PROCESS

DISSOLUTION

REACTION

AGING

DRYING

CALCINING

STEPS AND CONDITIONS OF PROCEDURE

. Add required amount of AI(OC4Hg)3 to 35 ml s-butanol
. Add required amount of deionized H20 and HNO3

to 15 m! s-butanol

. Let both solutions stir separately to homogenize

. Add the Al-s-(OC4Hg)3 solution dropwize to the acidified

deionized water solution

. Continue adding until a soft gel results

. Allow to set into viscous gel that will not easily flow
. Typical setting times were one hour

. Supercritically extract using CO7 at T=150 °C,

P=3000 psi, and F=0.05 SCFM for 3 hours

. Heat in N3 (300 cc/min) at 400 °C for 2 hours
. Heat in O, (300 cc/min) at S00 °C for 2 hours
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For the niobia/silica mixed oxide the silica precursor, Si(OC2Hs)4, was diluted with
MeOH and added to a methanolic solution of doubly deionized water and nitric acid and
allowed to hydrolyze. This solution was titrated with NH4OH umil the pH of the clear
solution was 6 in order to increase the rate of the condensation reactions.2 136 Next, the
niobia precursor, Nb(OC2Hs)s, was diluted with methanol and added to a methanolic
solution of deionized water and nitric acid. This niobia sol was then quickly added to the
titrated silica sol, resulting in a light clear-yellow niobia/silica sol. To this mixed oxide sol,
diluted NH4OH in MeOH (1/10 parts by volume) was added until the solution pH was 7.
The resulting solution was allowed to sit for about 10 minutes at which point a firm gel was
obtained (see Table 2-6 for detailed procedure). This ge! was subsequently extracted
supercritically with the standard operating conditions (T = 70 °C, P = 3000 psi, F = 0.05
SCFM). The resulting aerogel was ground to a mesh >100 and calcined with the standard
procedure as above. Table 2-7 shows the exact conditions used in the gelation of this
material.

For the niobia/alumina mixed oxide, the procedure was slightly different from the
above method since the condensation rate of the silica was increased for the niobia/silica
system, whereas for the niobia/alumina system the polymerization rate of the niobia was
increased. In both of these procedures the slowest hydrolyzing alkoxide was first rendered
to an active polymerizing species, while the fast hydrolyzing alkoxide is kept in its original

22 This procedure results in greater

form so that self polymerization cannot occur.
homogeneity of the gcl.22 In the preparation of the niobia/alumina mixed oxide the niobia
precursor, Nb(OC2Hs)s, was diluted with sec-butanol and added to a solution of sec-
butanol, doubly deionized water, and nitric acid. This niobia sol was allowed to stir for 10
minutes (in order to allow partial hydrolysis to occur) at which point the alumina precursor,
AN(OC4Ho)3, diluted with sec-butanol, was added to this solution. This niobia/alumina sol

stirred for 10 minutes, and then deionized water was added for the completion of the

alumina hydrolysis reactions. After 1 minute, the sol condenscd into a thick gel that did not
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Table 2-6: EXPERIMENTAL PROCEDURE FOR NIOBIA/SILICA MIXED OXIDE
AEROGEL (A-NS25w) SYNTHESIS

PROCESS STEPS AND CONDITIONS OF PROCEDURE

DISSOLUTION 1. Add required amount of Si(CC3H5s)4 to 35 ml MeOH
2. Add required amount of Nb(OC2H5)5 to 10 ml MeOH

3. Add required amount of deionized water and HNO3 (for
the niobia hydrolysis reaction) to S ml MeOH

4. Allow all three solutions to stir for 10 minutes

HYDROLYSIS 1. Add required amount of deionized water and HNOj3 to
silica solution

2. Let stir for 10 minutes
3. Add NH4OH to this solution until pH=6 (silica sol)

4. Mix acidified water (for niobia hydrolysis) into the
niobia solution (niobia sol)

5. Quickly mix the niobia sol into the silica sol under
vigorous stirring (niobia/silica sol)

CONDENSATION 1. Add diluted NH40H to the mixed niobia/silica sol until
solution pH=7

2. Continue vigorous agitation after addition

AGING 1. Mixed sol will gel after approximately 10 minutes
2. Set aside to form visco-elastic gel (typically ~ 1 hr)

DRYING 1. Supercritically extract using CO; at T=70 °C,
P=3000 psi, F=0.05 SCFM for 2 hours (Aerogel)

CALCINING 1. Heat in N3 (300 cc/min) at 400 °C for 2 hours
2. Heat in O3 (300 cc/min) at 500 °C for 2 hours
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Table 2-7: GELATION CONDITIONS USED IN THE SOL-GEL PROCESS FOR THE
MIXED BINARY OXIDES OF NIOBIA/SILICA AND NIOBIA/ALUMINA

NIOBIA/SILICA (NS25w): [Nb(OC;Hs)s and Si(OCzHs)s]

(mmole/50 ml MeOH) Molar Ratio
Nb3+  Sijd+ HoO/(Nb+Si)  HNO3/(Nb+Si) Result
0.15 1.0 4.1 0.40 Gelled upon addition
of NH4OH
NIOBIA/ALUMINA (NA2Sw): [Nb(OCzHs)s and Al-s-(OC4Hg)3])
(mmole/50 ml s-BuOH) Molar Ratio
Nb3+  Ald+ HoO/(Nb+AD)  HNOQ3/(Nb+Al) Result
0.15 1.2 2.1 0.28 Gelled upon addition

of H,O




flow (see Table 2-7 for conditions and Table 2-8 for procedure). As with all previous gels,
this niobia/alumina gel was supercritically extracted with the standard pressure (P = 3000
psi) and flow (F = 0.05 SCFM) conditions, but with a higher temperature (T = 150 °C) in
order to facilitate the extraction process. The extraction typically lasted 3 hours resulting in
a dry aerogel which was easily ground to a mesh >100, and calcined according to the

standard procedure as above.

2.2.2 Precipitated Niobia/Silica and Niobia/Alumina Mixed Oxides

Conventionally prepared mixed oxides (precipitated) were prepared for later
comparisons with the mixed oxide aerogels. The procedure for forming a homogeneous
oxide (atomically mixed) of niobia/silica has been previously described.3 Briefly the
procedure consisted of titrating a methanolic solution of niobium(V) chloride (Alfa) and
silicon(IV) chloride (Alfa) with ammonium hydroxide to a pH of 7. The relative
proportions of niobia and silica being determined by the relative concentrations of the
precursors. The resulting precipitate is filtered and washed repeatedly until no chloride
ions are detected by precipitation with silver nitrate in the filtrate. The precipitate is dried
overnight at 110 °C and then subjected to the standard calcination procedure.

Precipitated niobia/alumina mixed oxides were produced in a similar fashion. This
method involved titrating a sec-butanol solution of niobium(V) ethoxide and aluminum(III)
sec-butoxide with ammonium hydroxide until a pH of 7 was attained. The mixed
hydroxide precipitate was washed and filtered to remove any impurities that may be
present. The precipitate is dried overnight at 110 °C and then subjected to the standard
calcination as above. The m.ixcd oxides prepared in this study as well as their nomenclature

are listed in Table 2-9.
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Table 2-8: EXPERIMENTAL PROCEDURE FOR NIOBIA/ALUMINA MIXED
OXIDE AEROGEL (A-NA25w) SYNTHESIS

PROCESS

DISSOLUTION

HYDROLYSIS

CONDENSATION

DRYING

CALCINING

STEPS AND CONDITIONS OF PROCEDURE

. Add required amount of Nb(OC2Hs)s to 10 ml s-butanol
. Add required amount of deionized water and HNO3 (for

the niobia hydrolysis reaction) to 10 ml s-butanol

. Add required amount of AI(OC4Hog)3 to 30 ml s-butanol
. Allow all three solutions to stir 10 minutes to homogenize

. Mix acidified water (for niobia hydrolysis) into the

niobia solution (niobia sol)

. Let stir for 10 minutes to hydrolyze
. Mix niobia sol into the alumina solution (niobia/alumina sol)
. Let stir 10 minutes to homogenize

. Add required amount of deionized water (for alumina

hydrolysis) to niobia/alumina sol

. Let stir for about 1 minute to obtain gel
. Allow gel to sit for 1 hour to firm before extracting

. Supercritically extract using CO2 at T=150 °C,

P=3000 psi, F=0.05 SCFM for 3 hours (Aerogel)

. Heat in N (300 cc/min) at 400 °C for 2 hours
. Heat in O7 (300 cc/min) at 500 °C for 2 hours
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Table 2-9: NOMENCLATURE USED TO DESCRIBE SYNTHESIZED BINARY
MIXED OXIDES NIOBIA/SILICA AND NIOBIA/ALUMINA

BINARY MIXED OXIDES
. Wght. % Mol. % L.
A-NS25w 25 7.0 Mixed Oxide Aerogel of 25 weight % NbOs

75 weight % SiO;
NS25w 25 7.0 Mixed Oxide (ppt.) of 25 weight % NbyOs
75 weight % SiO2
A-NA25w 25 11.3 Mixed Oxide Aerogel of 25 weight % NbyOs
75 weight % Al;03

NA25w 25 113 Mixed Oxide (ppt.) of 25 weight % NbyUs
75 weight % Al,O3
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2.2.3 Silica-Supported Niobia and Alumina-Supported Niobia

A surface oxide consists of one oxide supported and/or grafted onto the surface of
another oxide. In this work we investigated two surface oxides: silica acrogel-supported
niobia and alumina aerogel-supported niobia. The procedures for preparing them were
identical. A detailed description of the initial silica-supported niobia preparation is
presented elsewhere.” Briefly, niobia is placed onto the silica or alumina aerogel support
(or Davison 952 Silica) using incipient wetness impregnation with a hexane-niobium(V)
cthoxide solution. In this technique, the pores and the outside area of the solid are filled
and coated with solution. The incipient wetness points were experimentally determined to
be 2.8 ml/g SiO; for the silica aerogel and 2.0 ml/g Al2O3 for the alumina aerogel. The
niobium ethoxide solution was added dropwise to the supports and distributed
homogeneously throughout the mixture by using a mortar and pestle. After impregnation,
these samples were dried by heating overnight under vacuum at 110 °C. The materials
were then calcined according to the standard procedure. Several surface coverages for each
material were made to determine dispersion of the niobia phase, varying from 2.5 to 25%
monolayer (fully coated silica or alumina surface with one atomic layer of niobia) coverage.
These coverages of niobia were controlled by the amount of niobium(V) ethoxide present in
the solution and assuming the area of one molecule of NbO2 5 occupies an area of 16
A274.81 A (able of the surface oxides prepared as well as their niobia loadings and
associated nomenclature is given in Table 2-10.

All of the above samples were subjected to various thermal treatments for different
times and temperatures to study the interactive effects of these oxides. A sample with heat
treatments beyond the standard calcination, 500 °C for 2 hours, will be denoted by brackets
which contain the temperature, time, and treatment gas; i.e. a material heated at 800 °C for

2 hours in Oy is labelled as (800,2) O,.




Table 2-10: NOMENCLATURE USED TO DESCRIBE SYNTHESIZED BINARY

SURFACE OXIDES
BINARY SURFACE OXIDES
. Wght. % Mol. % L
Notat Niobi Niobi D |
A-NS(.25) 23.7 6.6 25% monolayer of NbyO5 on SiO (Aerogel)
NS(.25) 9.1 2.2 25% monolayer of NbyOs on SiO, (Davison 952)
A-NS(.10) 9.6 2.3 10% monolayer of Nb,Os on SiO, (Aerogel)
A-NS(.05) 5.2 1.2 5% monolayer of NbyOs on SiO; (Aerogel)
A-NS(.025) 3.1 0.72 2.5% monolayer of NbyOs on SiO; (Aerogel)
A-NA(.25) 16.7 7.1 25% monolayer of Nb2Os on AlyO3 (Aerogel)
A-NA(.10) 7.7 3.1 10% monolayer of Nb;Os on AlyO3 (Aerogel)
A-NA(.05) 4.0 1.6 5% monolayer of NbyOs on Al;03 (Aerogel)
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2.3 Characterization of Physical Properties

This section discusses the equipment and proceciurcs used to characterize the
physical properties of the oxide catalysts in this thesis. Some of the newer or modified
techniques will be discussed in full detail; however, those procedures which are common

will have a more cursory discussion.

2.3.1 B.E.T. Surface Area

The total surface areas of all mixed and surface oxides were determined with a
commercial Quantasorb unit (Quantachrome Corporation).162 The system included a
therma! conductivity detector with two filaments: one filament was located upstream as a
reference and the other filament was set downstream from the sample. The difference in
thermal conductivity of the two gas streams was measured and integrated with respect to
time to give the amount of nitrogen adsorbed on the oxide sample. Because adsorption
signals usually led to non-Gaussian distributions that were difficult to integrate, the
desorption signals were the preferred runs. A known volume of adsorbate gas was injected
into the system after each run for calibration purposes. A mixture of 30% nitrogen (balance
helium) (Grade 5, Airco) was used as the carrier gas in these experiments. The single
point-BET method was used, and the calculations for the surface areas can be found in the
Quantasorb manual with the computer program for the calculation located in Appendix A.
Because of the high surface areas of the samples studied, only 0.1 to 0.2 grams of sample

were used. A gas volume of 10 cc was used for calibration purposes.

2.3.2 Pore Size Distribution and Pore Volume Analysis

Pore size distribution and pore volume analyses were done by Porous Materials,
Inc. (PMI). Desorption isotherms (volume desorbed versus relative pressure) were
constructed from which pore size distribution information for pores in the range of 10 - 400

A could be obtained. The desorption isotherm was determined by making 100




measurements in the relative pressure (p/po) range of 0.05 to 0.95. The desorption data
was then used to calculate cumulative pore volume as a function of pore radius. The
relationship between the pore radius and relative pressure is given by the modified Kelvin

equation (see Equation 2.1):

a-.8 = ~20Vcos©
R; T In(p/po) 2.1

where a = pore radius, 6 = adsorbed layer thickness, V| = molar volume of the condensed
liquid, ¢ = surface tension, © = contact angle betWeen surface and adsorbate ( = 0° for
nitrogen), Rg = gas constant, T= absolute temperature, p = adsorbate gas pressure at
equilibrium in the pore (vapor pressure over curved surface), po = saturation pressure of
adsorbate gas at equilibrium (normal vapor pressure over planar liquid surface). The
thickness of adsorbed nitrogen on the pore wall, 8, is related to the relative pressure by
Equation 2.2 by Wheeler163;

8(A) = 9.52 (logi’;-;l)'”3 2.2)

Cumulative pore volume versus pore size curves were constructed and then differentiated
with respect to diameter from which distributions of pore volumes, and average pore
diameters were determined. Total pore volume is determined when capillary condensation
is complete, p/po — 1.0, and all pores are filled with condensed nitrogen. Multipoint
B.E.T. surface areca analyses were also performed by PMI using the nitrogen relative

pressure (p/po) range of 0.05 — 0.35.
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2.3.3 X-Ray Diffraction (XRD)

Powder X-ray diffraction (XRD) experiments were performed on a Rigaku
Geigerflex D/Max series diffractometer with a ©-26 goniometer, model number
CN2155DS, using a Mo radiation source. These experiments were used to observe and
determine whether any chemical changes or phase transformations occurred on the samples
during the heat treatments. XRD samples were prepared by suspending the oxide powder
- in a colloidion solution (2/3 amy! acetate and 1/3 colloidion) on one side of a microscope
slide and allowing the solution to dry by evaporation. Scanning diffraction angles (26)
ranged from S to 35 degrees, and were scanned at 2 degrees/min. Crystalline patterns were
indexed by measuring d-spacings from the spectra and compared to known d-spacings for
various niobia phases, alumina phases, and niobia/aluminia comp011nds.w’4'l74

Powder XRD experiments were also performed using a Rigaku Geigerflex D/Max
series diffractometer with a ©-0 goniometer, model number CN2182D5, with a Mo
radiation source as above. The apparatus was also equipped with a platinum hot-stage
(high temperature X-Ray diffractometer attachment for a -6 goniometer). This
equipment was interfaced to a Macintosh SE/40 computer to facilitate data acquisition.
Experiments were performed to determine at which point the low temperature form of
niobia, TT-Nb20s, was formed from the amorphous, calcined niobia aerogel. From
previous XRD experiments, it was found that a heat treatment of (600,2) O2 induced the
niobia sample into the crystalline phase of TT-Nb2Os; hence, a 10 °C ramp from 25 to 600
°C with a hold of 15 minutes at 600 °C was used in this investigation. The sample was then
subsequently cooled to room temperature. The experiment was performed by locking onto
the 100% intensity peak (20 = 12.80°) associated with TT-NbyOs and following its

intensity as a function of time and temperature. Scans were taken and recorded every

second with the dedicated computer system.
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2.3.4 Differential Thermal Analysis (DTA)

Differential thermal analysis was used to study the heat effects of crystalline
formation of the bulk and binary oxides when heated in He. The DTA experiments were
performed on a Perkin-Elmer DTA Model 1700 High Temperature Differential Thermal
Analyzer. Approximately 30 milligrams of sample were analyzed by heating from 25 -

1000 °C at 10 °C/min in an inert atmosphere of helium flowing at 50 cc/min.

2.3.5 Scanning Electron Microscopy (SEM)

A JEOL Lid. CAMSCAN Scanning Electron Microscope (SEM), equipped with an
X-Ray detector manufactured by Princeton/Gamma-Tech for Energy Dispersive
Spectroscopy (EDS), was used for elemental mapping and quantitative elemental
composition analysis on the binary oxide aerogels. Sample preparation consisted of taking
the catalyst powder of interest, and depositing it on a carbon paste covered 0.5 inch
aluminum holder. An additional step of depositing a thin conductive layer of gold on the

surface was used in order to prevent surface charging during analysis.

2.3.6 Laser Raman Spectroscopy (LRS)

Laser Raman Spectroscopy (LRS) is used to examine the vibrational modes of
molecules. The Raman scattering effect arises when an incident photon interacts with a
molecule and induces the molecule to go from a lower to a higher level of vibrational
em:rgy.”5 In order for a molecular vibration to be Raman active, the vibration must be
accompanied by a change in the polarizability of the molecule.!76 177 This is in contrast to
an infrared spectrum which results from vibrationally induced changes in the dipole
moments of the molecules. Since the Raman scattering is also highly dependent on the
ordering of the sample, a well-ordered material will be much more Raman active than a
disordered samplc.175 Thus, LRS will be expected to give different information than IR,
and has generally been found to be useful in the low frequency ranges of 200 - 1000 cm-!
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(corresponding to first order molecular vibrations in oxides) since many oxide materials are
not IR transparent in this n‘.gion.”6

LRS spectra were taken primarily at the Zettlemoyer Center for Surface Studies at
Lehigh University with the help of Jih-Mirn Jehng and L.E. Wachs, and also at Camegie
Mellon University with the supervision of Bob Winters and W.S. Hammack. The Raman
spectra taken at Lehigh University were obtained with a Spectra-Physics Ar* laser
delivering 1 - 100 mW of incident radiation measured at the sample, with the excitation line
at 514.5 nm. The scattered radiation was then directed into a Spex Triplemate Spectrometer
(Model 1877) coupled to a Princeton Applied Research OMA III optical multichannel
analyzer (Model 1463) with an intensified photodiode array cooled thermoelectrically to -30
°C. Most Raman data were obtained at room temperature and under ambient conditions.

In-situ Raman spectra were taken at Lehigh University with a specially designed
Raman cell on a few select samples. The sample holder was made from a quartz glass, and
the sample disk was held by a stationary slot in the sample holder. The sample was heated
by a cylindrical heating coil surrounding the quartz cell, and the temperature was measured
with an internal thermocouple. The cell was designed for operation temperatures up to 600
°C. Reaction-gas mixtures were introduced into the cell from a manifold at a rate of 50 to
500 cm3/min with a delivery pressure of 150 - 200 Torr. These materials were analyzed in

order to investigate the Raman spectral changes on dehydration of the binary oxides

containing niobia.

2.3.7 Diffuse Reflectance Infrared Spectroscopy (DRIFT)

Infrared spectroscopy (IR), like Laser Raman Spectroscopy (LRS), examines the
vibrational energies of molecules, but whereas LRS is a scattering process, IR is an
absorptive process. IR spectra occur when a photon of infrared radiation is absorbed

causing a vibration which in turn must cause a change in the dipole moment of the




molecule. It can be shown that the infrared absorption band is proportional to the square of
the change in the dipole moment.

Structural information of solids is difficult to obtain when IR is run in the
transmission mode, because the low frequencies which contain this necessary information
are often opaque to the IR radiation. An alternative method is Diffuse Reflectance Infrared
Spectroscopy (DRIFT). DRIFT spectra are ofien complicated by particle size scattering
effects which can produce erroneous results. For the surface phase oxides, little to no
change in particle size results from the grafting of niobia on the silica or alumina support,
and these will be the samples examined.

Spectra were taken using an IBM DRIFT Accessory, part #A6106640, and an IBM
98 FTIR spectrometer, which ran at 0.5 cm'! resolution. The FTIR system also included a

dedicated Aspect 3000 computer system, and CMD-CDC disk drive assembly.
2.4 Characterization of Chemical Properties

This section discusses how various chemical probes (bases including n-butylamine
and pyridine) were used to examine the acidic properties of the prepared oxides. New or
modified procedures are discussed at length while those similar to previous studies are

given a brief discussion.
2.4.1 Acid Strength and Acidity using n-Butylamine Titration

2.4.1.1 Acid Strength

The acid sites on various oxide surfaces differ in amount and strength. Some
oxides may have a large number of acid sites with a low acid strength, while others may
have only a few acid sites which have a high acid strcngth.2 The Benesi titration method

with Hammett indicators was used to measure the number and strength of acid sites over
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the oxides in this study.”8 Table 2-11(A) shows these indicators and their pKa values
along with the equivalent acidity in terms of percent H2SO4. The method of determining
acid strength was made by placing approximately 40 milligrams of sample into a ground
test tube, adding 1-2 ml of benzene and then 3 drops of indicator (0.1 wt.% in benzene),
and then shaking briefly. Adsorption proceeded very rapidly, if it occurred at all, with a
stiking change in color between the basic and acidic forms of the indicator.! It should also
be noted that the lower the pKa value of the indicator, the greater the acid strength of the
solid.

In order to test for superacidity of the bulk and binary oxides three separate
indicators were prepared in a similar fashion to above [see Table 2-11(B)]. These
indicators are called super-acidic because their acid strengths are higher than the acid
strength of 100% H2SO4. Because of the hygroscopic nature of these catalyst powders,
heat wreatments were done in a dry glove box purged with nitrogen, and equipped with a
furnace and dedica:ec :»mperature controller. After heat treating the samples to 450 °C for
2 hours and allowing them to cool to room temperature, 3 drops of indicator were addded
to a small amount of sample placed in aluminum pans to determine if the solid would tumn
the indicator to its acidic form.

In a simliar test to determine basicity of the oxides, two basic indicators were
prepared in a similar fashion to above [see Table 2-11(C)]. This test was performed to
determine the basic strength of a solid surface; i.e. the ability of a surface to convert an
adsorbed neutral acid to its conjugate base, or more simply, the ability of the surface to
donate an electron pair to an adsorbed acid. Because of the hygroscopic nature of the
catalyst powders, the same heat treatment and procedure used for the superacidity

measurements above was used on these samples as well.
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Table 2-11: INDICATORS USED FOR ACID-BASE STRENGTH
MEASUREMENTS: A) ACID DISTRIBUTION INDICATORS, B)
SUPERACIDIC INDICATORS, AND C) BASIC INDICATORS

A) Acid Distribution Indicators

Color
INDICATORS BASE ACID pKa wt.% H>S04
Methyl Red yellow red +4.8 5x 105
Dimethy! Yellow yellow red +3.3 3x 104
4(Phenylazo)-Diphenylamine yellow purple +1.5 2x 102
Dicinnamalacetone yellow red -3.0 48
Benzalacetophenone colorless yellow -5.6 71
Anthraquinone colorless yellow -8.2 90
B) Superacidic Indicators (> 100 % H3S0y4)

Color
INDICATORS BASE ACID pKa
p-Nitrotoluene colorless yellow -11.35
p-Nitrochlorobenzene colorless yellow -12.70
2,4-Dinitrotoluene colorless yellow -13.75
C) Basic Indicators

Color
INDICATORS BASE ACID pKa
Phenolphthalein colorless red +9.30
2,4-Dinitroaniline yellow violet +15.0
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2.4.1.2 Acidity Distribution

The amount of acid sites (or acidity) of a solid acid was measured by n-butylamine
titration immediately after a determination of acid strength by the Benesi method.!48 The
method consisted of titrating a solid acid suspended in benzene with 0.05 N n-butylamine,
using a range of various indicators. The indicator changes color into its acidic form when
adsorbed onto a solid acid. Therefore, the titres of n-butylamine required to restore the
color of its basic form give a measure of the number of acid sites on the surface.

The use of various indicators with different pKa values, as noted above, allows one
to determine a distribution of acidity at various acid strengths by amine titration. Great
precautions were taken to prevent effects from titration time, powder size, volume of added
indicator, and moisture on the measured acid amounts. All samples used were >100 mesh
particles, the same amount of indicator was added to each sample, and the titration times for
the oxides all spanned a period of no more than 1 day. The greatest precaution taken was
against moisture. Since many of the acid sites studied were of a very strong nature and
since water is amphoteric (able to possess both acidic and basic properties), all titration
experiments were performed in a dry box purged with nitrogen to prevent poisoning of the
acid sites. All indicators were mixed with benzene (99.9%, Aldrich), which had been
further dried with molecular sieves, and stored in a dessicator which was also located in the
glove box. The oxide samples were weighed out in vials and heated, with caps and stirring
bars, in a vacuum oven at 110 °C for one hour to free the surface of any physisorbed water.
The ground vials were then coated with teflon tape to prevent any evaporation that occurred
with the added benzene. Also, all titrations were carried out using a digital pipette (4710
Eppendorf) which facilitated the use of small volumes of base, 10 - 100 pl, to be added to
the samples, which were stirred with micromagnetic bars to insure equilibrium between the
solution and surface was established. This method gave the sum of both Lewis and
Brgnsted sites since the nitrogen on the amine and the indicator can react equally with both

sites.




2.4.2 Pyridine Adsorption Studies

In order to determine the acid strength - acid type distribution of the binary oxides,
pyridine adsorption experiments were performed which consisted of Thermogravimetry
(TG) and Fourier Transform Infrared Spectroscopy (FTIR). Thermogravimetric analysis
studies were used to extract the heat of adsorption of pyridine as a function of pyridine
coverage. Infrared studies were used to determine the type of acid sites (Lewis or

Brensted) on the surface of these binary oxides.

2.4.2.1 Thermogravimetry: Heat of Adsorption Measurement

The original procedure for determining the heat of pyridine adsorption versus
coverage has been published elsewhere.!”® In this work, the original procedure was
slightly modified in order to better accommodate our needs.

Details concerning the experimental procedure can be found elsewhere.®® To
briefly outline the procedure, a sample is first heat treated and weighed free of adsorbed
pyridine. Pyridine is admitted into the system until equilibrium is achieved at room
temperature, then the weight is monitored as a function of temperature and time at a
constant pyridine pressure. This measurement is repeated for different pyridine pressures
until a family of plots is generated for the weight of adsorbed pyridine as a function of
temperature, at various pyridine vapor pressures. Using this plot, the heat of adsorption

(AH,45) can be determined using the Clausius-Clapeyron equation (see Equation 2.3):

AH,4s - - din(Peq)
R d(1/7) © 2.3)

where AH,gs is the heat of adsorption, Pegq is the pyridine equilibrium vapor pressure, © is

the pyridine coverage, T is the sample temperature (absolute), and R is the gas constant.
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(1) Experimental Equipment:

The apparatus (see Figure 2-3)88 for these experiments was constructed of glass for
cleanliness, and was connected to a diffusion pump with heating tapes on all glassware for
case of removal of pyridine. The pretreatment gas side and pyridine gas side were
separated to prevent contamination of pyridine throughout the entire system. Temperature
programs and thermal treatments were done using a Cahn 113 Thermogravimetry
Microbalance, and the weight was electronically processed with a Cahn 2000 Recording
Electrobalance and recorded using a Bascom Turner Model 4000 computer. A constant
temperature bath [ethylene glycol/water (60/40)] was used for maintaining a constant
pyridine vapor pressure. The bath temperature was maintained using a Polyscience 730
immersion circulator/heater (temperature controller) and a model KR80A Immersion
Cooler.

(2) Experimental Procedure:

The following procedure was used because of the extremely small weights involved
(~ 10 mg). To avoid pyridine contamination of the microbalance, helium was flowed
through the microbalance at 100 cc/min in all flow situations to act as a purge line.

1. Purge system for pyridine removal with all tapes on for at least 3 hours and a
helium flow of 40 cc/min (using a helium purge flow of 100 cc/min).

2. Pump system for pyridine removal with heating tapes on for 3 hours. The
vacuum reached should be 2 - 6 x 10-7 Torr.

3. Zero empty basket for calibration using a reactor temperature of 250 °C and a
helium flow of 40 cc/min - heating tapes on (using a helium purge flow of 100

cc/min).

4. mmﬂiwﬁOTandholdfoﬂhomwminimizc
problems of catalyst aging and contamination (using a helium purge flow of 100
cc/min).

5. Purge in helium for 50 min and pump for 30 min to a vacuum of 2 - 6 x 10-7
Torr.




Figure 2-3: TG SYSTEM FOR PYRIDINE ADSORPTIONS8
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6 . Pretreat sample in helium to 450 °C and hold for 1 hour with a helium flowrate
of 40 cc/min. (If sample reduces easily as is the case with niobia, then pretreat
sample only at 300 °C and hold for 1 hour with above helium flowrates.) The
final weight of this run is taken as the sample weight free of adsorbed base.

7 . Elow pyridine at a constant pressure with a helium carrier gas flow of 40 cc/min
and helium purge flow of 100 cc/min after sample cools to below 100 °C from
above pretreatment. Wait for sample to equilibrate with pyridine (3 - 8 hours).

8. Measure weight versus temperature with the dedicated Cahn 113 microbalance
at 11 different temperatures (100 - 350 °C, at 25 °C intervals) at constant
pyridine vapor pressure until no weight change was seen (1 - 2 hours) (see
Figure 2-4).

9. Zero runs were performed to compensate for temperature buoyancy effects as
well as any weight added due to pyridine adsorption on the basket, stirrup-

holder, or wire. For each zero run, the same procedure as noted above was run
for each experiment without sample in order to determine a baseline.

(3) Data Analysis:

The data was analyzed by first subtracting the zero run weights from the weight of
the adsorbed pyridine. Next, a family of pyridine coverage versus 1/T plots were
generated for different runs at constant pyridine vapor pressure (see Figure 2-5). These
plots were then manipulated in order to generate In(Peq) versus 1/T plots at constant
coverage (see Figure 2-6). The heats of adsorption, AHaqs, were taken from the slopes of
these lines by least squares fit to the data. Samples with large surface areas that were not
very acidic (low amounts of adsorbed pyridine) gave the largest errors. For these samples,
multiple runs were taken at the same or slightly different pyridine pressure in order to get
statistically meaningful results. The number of points per line ranged from 3t0 6. A

computer program used in the analysis of the data is listed in Appendix F.

2.4.2.2 Fourier Transform Infrared Spectroscopy: Acid Type

Infrared spectra of pyridine adsorbed on a solid acid can readily be used to
distinguish between adsorbed pyridine species: bonded to a Brgnsted acid site as a
pyridinium ion (BPY), bonded to a Lewis acid site (LPY), or weakly hydrogen bonded to
the surface (HPY).lso
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Figure 2-5: TG DATA OFLN(©) VS. I/T (AT CONSTANT PYRIDINE COVERAGE)
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Figure 2-6: TG DATA LN(Peg) VS. 1/T (FOR CONSTANT PYRIDINE COVERAGE)
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(1) Experimental Equipment:

IR spectra were obtained using an IBM 98 FTIR spectrometer. This research was
facilitated by the use of infrared cells and a gas handling system designed and constructed
by co-workers in our group. The IR cell design is shown in Figure 2-7.8%8 The IR cell
allows samples to be heat treated up to 500 °C in a controlled flow of helium or oxygen, or
in vacuum (approximately 10~ to 10-6 Torr) with the sample temperatures directly recorded
using a type K thermocouple. The outer seals and lid allow the cell to be used with the
IBM FTIR sample chamber (under evacuation) for data acquisition. The gas handling
system (see Figure 2-8)88 was constructed with stainless steel Nupro high vacuum valves,
mounted and arranged on a 3/8" thick aluminum plate for flow through one pyridine trap
and for vacuum to 2 IR cells. The gas handling systeni was mounted on a cart for
mobility, to which a Barbara Coleman 570 temperature controller with 470 A/C power
supply, CVC Products VMF-20 diffusion pump, Sargent Welch Model 1400 mechanical
pump, and a glass pyridine bubbler trap were also mounted.

(2) Experimental Procedure:

1. Press a sample disk from catalyst powder using a pressure of 4000 psi and load
into IR cell with the thermocouple touching the sample.

2. Purge IR cell in helium at 50 cc/min for 15 min.

3. Pump IR cell to 104 Torr with the diffusion pump and heat sample to 450 °C at
10 °C/min and hold for 1 hour. (For samples that reduced easily, like niobia,
only heat to 300 °C and hold for 1 hour.) Final vacuum should be

approximately 10-5 Torr.

4. Cool sample to room temperature and load IR cell in sample chamber and take
average of 500 FTIR spectra at 0.5 cm-! resolution.

5. Pressurize cell to one atmosphere very slowly in helium and expose sample to
pyridine for 15 minutes.

6 . Purge in helium for 3 hours after tumning pyridine off.

7 . Pump at room temperature (with heating tapes on) for 3 hours and take average
of 500 spectra.(Room temperature scan with adsorbed pyridine).

8 . Continue to pump and heat treat to 100 °C and hold for 3 hours.
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Figure 2-7: INFRARED SPECTROSCOPY CELL FOR PYRIDINE STUDIES: A)
SIDE-VIEW AND B) FRONT-VIEWS8
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Figure 2-8: PORTABLE GAS HANDLING SYSTEM FOR PYRIDINE INFRARED
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9. Cool sample to room temperature and take average of S00 spectra.
10. Repeat steps 8 and 9 with temperatures of first 200 °C and then 300 °C,

remembering to take IR cell out of FTIR each time a heat treatment was
performed.

(3) Data Analysis:

The above procedure allows one to generate an IR spectrum of adsorbed pyridine as
shown in Figure 2-9, which will be discussd later. The ratio of Lewis to Brgnsted sites
can be calculated using the procedure of Basila and Kantner.!8! This method uses the
relative integrated absorbance of the 1450 and 1490 cm-! pyridine absorption peaks of
Lewis and Brpnsted sites. The relative ratio of extinction coefficients of the 1490 and 1450
cm! peaks was deizrmined to be 0.205 from a sample free of Brgnsted acidity.88 This
value was then used to calculate the Lewis/Brgnsted ratios at the different treatment

temperatures. A sample calculation is shown in Appendix F.

2.4.3 Reduction Studies

Reduction studies of the bulk and binary oxides were done using a Cahn 113
Thermogravimetry Analysis (TGA) unit. The weight was measured and processed
electronically with a Cahn 2000 Recording Electrobalance. The signal from this unit was
then sent to a Bascom Tumer Model 4000 computer which monitored the weight loss as a
function of temperature and time. Reduction studies were performed by heating the oxide
sample to 1000 °C at 10 °C/min in flowing hydrogen (50 cc/min) and holding at 1000 °C for
2 hours. Direct reduction experiments, as previously mentioned, are often complicated by
the desorption of water, and more importantly by the crystallization of niobia during the
heat treatment. Therefore, in order to overcome these complications, a second series of
reduction experiments was performed in which the oxide sample was first heated in
flowing helium (40 cc/min) to 1000 °C at 10 °C/min and then cooled to room temperature.
The sample was subsequently reduced in flowing hydrogen following th. direct reduction

procedure as above.
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Figure 2-9: INFRARED SPECTRUM OF PYRIDINE ADSORBED ON A-NbyOs AT

100 °C (EVACUATED)
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2.4.4 1-Butene (1-C4Hg) Isomerization

The catalytic activities of the bulk and binary oxides were studied with the
isomerization of 1-butene in a continuous flow micro-reactor shown schematically in
Figure 2-10.3 This system had a feedback control system for the gas flow rates, a reactor

with a temperature controller, and gas analysis system, all attached to a control panel.

(1) Experimental Equipment:

The gas handling system consisted of molecular sieve purifiers (Linde 4A), filters
(Swagelok), on/off solenoid valves (General Valve Co.), proportional control valves
(Brooks Instrument Co.), orifices and pressure transducers, and three-way valves (General
Valve Co.) for both of the fced lines. The 1-C4Hg gas flowed directly to the reactor, while
the He gas passed through the molecular sieve trap before entering the reactor as a carrier
gas. Helium (Grade 5, Airco) was used as a carrier gas for the research grade 1-C4Hg
(99.8%, Matheson). The two gases were well mixed before entering the reaction chamber.

The micro-reactor consisted of a 1.5 cm O.D. vertical tube (316 stainless steel)
equipped with a fritted disk to support the catalyst bed. The reactor was heated by a tubular
ceramic heating element. The temperature of the furnace was sensed by a K-type
thermocouple and controlled by a PID programmable temperatvre controller (Series CN-
2010, Omega Engineering Co.). The bed was located in the middle of the furnace and had
a height of 1 cm. The reactor temperature was also measured by a K-type thermocouple
located in the center of the catalyst bed and was displayed with a digital temperature
indicator (400B, Omega Engineering Co.).

The gaseous reactants were fed through the top of the reactor and reacted over the
catalyst sample. The product gas was diverted through a 4-way valve to a vent or a gas

chromatograph (GC) for analysis.
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The outlet gas from the reactor was connected to a programmable GC (Series 550P,
Gow Mac) where the gaseous prcducts were analyzed using a stainles